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Zusammenfassung in Deutsch 
 
 
Photokatalytische Prozesse sind interessant, um verschiedene Probleme im Zusammenhang 
mit der Umweltverschmutzung angehen zu können. Unter diesen Themen werden die 
Behandlung von verschmutztem Wasser und die Wasserspaltung zur Erzeugung von 
erneuerbarem Wasserstoff eingehend untersucht. Diese Verfahren sind jedoch immer noch mit 
Einschränkungen konfrontiert, wie beispielsweise geringen photokatalytischen 
Wirkungsgraden, die ihre Kommerzialisierung einschränken. Untersuchungen zu 
Pulvermaterialien für den Schadstoffabbau und die Wasseraufbereitung wurden in großem 
Umfang durchgeführt. Es bestehen jedoch Schwierigkeiten bei der Wiederverwendbarkeit des 
Materials. Darüber hinaus besteht die Notwendigkeit, einen geeigneten heterostrukturierten 
Photokatalysator zu finden, der eine bessere Ladungstransfer-Kinetik liefern könnte, ein 
Endziel beim Design von Photokatalysatoren. Daher haben wir in dieser Arbeit Dünnschicht-
Heterostruktur-Photokatalysatoren untersucht, um die photokatalytische Aktivität, 
insbesondere gegenüber dem Schadstoffabbau, zu verbessern. Zu diesem Zweck haben wir die 
Oberflächen- und Grenzflächeneigenschaften von Halbleiter/Halbleiter- (pn-Typ, NiO/ZnO) 
und Metall/Halbleiter- (Metall/n-Typ, RuO2/ZnO) Heterostrukturen mithilfe systematischen 
(schrittweisen) Grenzflächenexperimenten untersucht, um Kenntnisse über den Einfluss der 
ZnO-Oberflächenreinigung auf die Grenzflächenbandbiegung zu gewinnen und dabei die 
Möglichkeiten ihrer Verwendung als Photokatalysatoren zu analysieren. 
 
Darüber hinaus haben wir die elektrischen, optischen und Grenzflächeneigenschaften von 
ZnO-Nanostäben (n-Typ) mit NiO-Beschichtung (p-Typ) durch Variation der NiO-
Abscheidungsparameter untersucht, um eine optimierte Heterostruktur zu identifizieren. Wir 
untersuchten die photokatalytische Leistung dieser Filme für den Abbau von Schadstoffen 
(Rhodamin B). Parallel dazu untersuchten wir die Wechselwirkung von Wasser mit 
heterostrukturierten (NiO/ZnO) Photokatalysatoren, um die Oberflächenreaktionen und ihren 
Einfluss auf die Bandverbiegung an den Grenzflächen zu interpretieren. 
 
Schließlich haben wir den ZnO-Nanostabfilm in einem industriellen Forschungskontext auf 
Rhodamin B-Abbau getestet, um die Hochskalierung der in diesem Projekt entwickelten 
Materialien zu untersuchen. 
 
Schlüsselwörter: Dünnschicht-basierte Photokatalysatoren, eindimensionale Nanostrukturen, 
Heterostrukturen, ZnO, Oberflächenreinigung, NiO/ZnO, RuO2/ZnO, 




Photocatalytic processes possess favourable features that could address the various
issues concerning environmental pollution. Among these issues, treatment of polluted wa-
ter and water splitting for renewable hydrogen production are extensively studied but are
still confronted to limitations for achieving high photocatalytic efficiencies that could be suc-
cessfully commercialized. Investigations on powder materials have been widely reported
for pollutant degradation/water treatment, but difficulties are prevailing in the re-usability
of the material. Moreover, there is the need for finding a suitable heterostructured photo-
catalyst that could provide better charge kinetics, an ultimate goal in photocatalyst design.
Therefore, in this work, we have investigated thin-film based heterostructure photocatalysts,
for improving the photocatalytic activity, especially towards pollutant degradation.
For this purpose, we have investigated the surface and interfacial properties of
semiconductor/semiconductor (p-n type, NiO/ZnO) and metal/semiconductor (metal/n-
type, RuO2/ZnO) heterostructures using systematic (step-by-step) interface studies, in order
to gain knowledge regarding the influence of ZnO surface cleaning in the interfacial band
bending, thereby analyzing the possibilities of their use as photocatalysts.
Furthermore, we have explored the electrical, optical and interfacial properties of
ZnO nanorods (n-type) with NiO coating (p-type) by varying the NiO deposition parame-
ters, to identify an optimized heterostructure. We examined the photocatalytic performance
of these films for pollutant (Rhodamine B) degradation. In parallel, we explored the inter-
action of water with heterostructured (NiO/ZnO) photocatalysts, to interpret the surface
reactions and their influence on interfacial band bending, a strategy for understanding the
heterostructured photocatalysts, which was not explored before.
Finally, we tested the ZnO nanorod film in an industrial research context for Rho-
damine B degradation, to investigate the upscaling perspectives of the materials developed
in this project.
Keywords: Thin film-based photocatalysts, one dimensional nanostructures, het-
erostructures, ZnO, surface cleaning, NiO/ZnO, RuO2/ZnO, interface studies, water expo-
sure studies, band bending, pollutant degradation.
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Chapter 1
State of the art
1.1. Introduction
Human need is an exponential factor, with which the industrial revolution sur-
faced in the 18th century and brought incredible developments and urbanisation around the
world. However, the industrial growth or evolution was(is) attained by the humankind, at
the expense of natural environment, by leading to severe and consequential environmental
issues. The persistent release of toxic wastes into the water, air and soil has resulted into
devastating environmental pollution. This in turn had affected the marine life, wildlife
and also the human health. In addition to the stringent environmental laws introduced by
most of the countries, research measures like water treatment, air purification, clean energy
production were also initiated decades earlier, to mitigate the consequences. Though some
milestones were achieved through research, no definite solutions has been identified yet.
Therefore, proposing new alternatives for water treatment and energy production that are
based on renewable energy sources (light energy from sun) is of paramount importance.
Photocatalysis is a century-old technology that allows the acceleration of chemical
reactions, in the presence of light (ultra-violet, visible or infrared) and a specific material
called ’photocatalyst’. The photocatalyst is a substance that is capable of absorbing light
to induce chemical reactions at its surface. The compelling and beneficial feature lies in
the fact that photocatalyst and photocatalysis could be used to address most of the envi-
ronmental pollution related issues, without any further harm to the environment. Given
that the natural light irradiation is used, the major efforts are directed towards identifying a
suitable photocatalytic material. Though photocatalysis processes were studied since 1911,
the photocatalytic era began after the successful demonstration of water splitting process by
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Fujishima and Honda, in 1972. Since then, extensive research has been done by scientists
from chemistry, materials science and semiconductor physics disciplines, providing a deep
understanding into the phenomena of the photocatalytic process. However, there are chal-
lenges with respect to the design of an efficient photocatalytic material, that would enable
faster charge transfer, efficient charge separation and consumption.
Moreover, the recent years have seen a major shift from powders to thin film mate-
rials for photocatalytic applications, owing to some serious drawbacks that lie in utilization
of powder materials (high cost involved in its retrieval after the process, risk of nano tox-
icity). In case of thin films, reconditioning/recovery is much easier and the problem of
nano toxicity is avoided. However, due to its immobilization, they suffer from a reduced
surface to volume ratio and mass charge transfer. Because of which, the time taken for
complete degradation of the pollutant using thin films is higher than when using powder
materials. Therefore, in regard to thin film photocatalytic materials, the major challenges for
researchers lie in designing new photocatalyst with enhanced charge separation capabilities,
along with improved surface to volume ratio and charge transfer properties.
1.2. Methods used for water treatment
Dyes are one of the main pollutants that can be found in water. There are over
100,000 commercially available dyes that are being used in textile, paper and plastic indus-
tries and the resultant waste water which contains a mixture of various dyes is released
(many times) directly / indirectly into the fresh water-bodies [35,37]. In order to increase the
lifetime of colouring, industries use dyes that are more stable under sunlight exposure and
resistant to chemical (soap/detergent) agents and thus more toxic, often carcinogenic. [38,39]
This makes the task of removing them from water more difficult. However, from the past
four decades and a half, a hand full of physical, chemical and biological methods have been
developed and used, for pollutant degradation or decolorization. The conventional waste
water treatment methods (Table 1.1) include coagulation, flocculation, bio-degradation, ad-
sorption, membrane separation, ion-exchange etc [35].
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Table 1.1: Existing and emerging processes for dye removal and their advan-
tages/disadvantages. Adapted from ref. [35]
Technology used Advantages Disadvantages
Coagulation and
flocculation
Simple, economically feasible High sludge production and
thereby the disposal problems
Conventional
treatment






most effective, produce a high
quality treated effluent
Ineffective against disperse and
insoluble dyes; loss of the




Removes all type of dyes; produce
high quality treated effluent
Large volumes cannot be treated;






Ion-Exchange Regeneration is possible, effective Not effective for disperse dyes;
economic constraints





No sludge remains; little/no










regeneration is not necessary, as
adsorbent is very cheap
Requires extra chemicals
Biomass Good efficiency and selectivity; no
toxic effects; low operation costs
Slow process; mandatory
optimization for external factors
like pH, salts
Though each method has its own advantages, these conventional methods were found to
be inefficient either due to the failure in realizing complete degradation of the pollutants
or leaving behind large amount of sludge (secondary pollution) that are harmful and cre-
ate further disposal problems [40–42]. The comparison of various treatment processes with
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emerging processes are made, by listing out their advantages and disadvantages as shown
in the Table 1.1.
The major and common issue with most of the conventional methods (coagulation,
flocculation, biodegradation) were the resultant sludge that is produced after treatment and
the required disposal, which usually again accumulate in the soil leading to soil pollution.
Moreover, membrane based, ion exchange and oxidation processes were expensive due to
higher energy consumption or operational costs. Therefore, it was(is) of great importance to
develop an efficient, sustainable and green technology that will make use of natural energy
source (like sunlight) and do not leave traces of secondary pollution. Moreover, with time,
dyes that have complex structure and are difficult to destroy/remove are being used in
industries, which also made the conventional methodologies less efficient. The Advanced
Oxidation Processes (AOP) are considered as an efficient and environment-friendly tech-
nologies, for pollutant removal [38,39].
1.2.1. Advanced oxidation processes (AOP)
Advanced oxidation processes (AOP) are used for the removal of heavy metals,
sludge treatment and removal or degradation of pollutants/contaminants from water, air
and soil [39]. The pollutant removal involves the generation and utilization of oxidizing
agents like hydroxyl or sulfate radicals to target the organic or inorganic contaminants
and is studied since 1980s. Hydroxyl radicals are powerful oxidizing agents that could
sufficiently destruct even dyes with complex structure, because they are highly reactive and
non selective (meaning, hydroxyl radicals can destruct any contaminant) [39,43,44]. Gener-
ally, AOPs are classified into photochemical and non-photochemical processes, as shown
in Table 1.2: Since the ultimate goal is to alleviate environmental problems by utilizing
less energy sources, photochemical processes that involves less energy consumption and
less chemicals are preferred for large scale implementation. Hence, photochemical AOPs
were widely used. Among them, the direct water photolysis and zerovalent iron processes
are not attractive because, the former requires vacuum condition and the latter is a very
slow process, making them expensive to implement. The other photochemical AOPs like
UV/O3, UV/H2O2, Photo-Fenton (UV/H2O2+Fe2+/Fe3+) and heterogeneous photocatalysis
are promising methodologies.
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Alkaline ozonation (O3/HO) Water photolysis in vacuum ultraviolet
(VUV)
< 190
Ozonation with hydrogen peroxide
(O3/H2O2)
Water photolysis in vacuum ultraviolet
(VUV)
< 190
Ozonation with hydrogen peroxide
(O3/H2O2)
UV/hydrogen peroxide (UV/H2O2) < 280
Fenton and related processes
(Fe2+/H2O2)
UV/ozone (UV/O3) 280 - 315
Electrochemical oxidation Photo-Fenton (PF) and related processes UV-Vis upto
450
γ - Radiolysis and electron-beam
treatment
Zerovalent iron plus UV light UV range













In the late 1980s, use of ozone to treat drinking water was reported, where ozona-
tion process was used to generate hydroxyl radicals (equation 1.1):
O3 + H2O → 2HO. + O2 (1.1)
Ozone alone is already a strong oxidant, but with the presence of ultra violet (UV) light or
hydrogen peroxide (H2O2) the AOP efficiency is significantly improved. However, there
was two major concerns regarding the ozone based AOPs, the short lifetime of the hydroxyl
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radicals and the high cost of the ozonation process [43,45].
UV/H2O2
UV/H2O2 is one among the old AOP technologies which can successfully lead to
removal of pollutants. When the photons of energy (< 280 nm) get in contact with the H2O2
molecules, .OH radicals are formed by the O-O cleavage, as shown in equation 1.2:
H2O2 + h ν → 2HO. (1.2)
UV/H2O2 system is capable of improving the degradation rate. But its restriction lies in
two factors: (i) nearly half of the energy consumed (from light) result into heat loss and (ii)
optimization of H2O2 dose is mandatory, because excess H2O2 will lead to adverse effects
(H2O2 will become competitor to •OH, forming hydroxyperoxyl radicals [•O2H], which are
less reactive than •OH). These factors make them economically unfavourable [36].
Photo-Fenton Processes
This process is carried out with the combination of H2O2 and Fe2+, that can perform
the following reaction in dark conditions:
H2O2 + Fe2+→ Fe3+ + HO - + HO • (1.3)
In case of acidic solution, photo-Fenton reaction will become autocatalytic, where Fe3+ will
allow the decomposition of H2O2 into H2O and O2 (equation 1.4).




These photo-Fenton reactions are usually efficient, as they can realise complete mineral-
isation of the pollutant. But, as mentioned for the UV/H2O2 system, here as well, the
need for optimization is necessary, making them expensive. In addition, the requirement
to maintain acidic pH (to avoid iron compounds’ precipitation) of the solution, restricts its
wide usage [36]. In conclusion, while ozonation or UV/H2O2 systems are not economical,
photo-Fenton processes can be beneficial but only when used as a supplement to other AOP
processes. In principle, due to the high reactivity and non-selectivity, the chemical reaction
between hydroxyl radicals and the targeted chemical species occur extremely fast and non-
specific. This would mean that AOP reactions are greatly governed by the mass transfer
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of produced hydroxyl radicals to the chemical species. This also explains why powder
photocatalysts are performing better than the thin film based photocatalysts in pollutant
degradation, as the former exhibits excellent mass charge transfer abilities.
The photocatalytic degradation processes (photochemical AOP) are usually per-
formed in the presence of target pollutant, photocatalyst, air, water and light source. There-
fore, the performance of AOPs are affected by several operational parameters like light
intensity, nature of the photocatalyst, photocatalyst concentration, pH and reaction tem-
perature. These parameters and their dependence are listed in Table 1.3:
Table 1.3: List of parameters involved and their characteristic influence in the photocatalytic
activity.
Parameter Characteristic relation to photocatalytic activity
Light Intensity Depends on the photo absorption capabilities of the photocatalyst
Nature of
photocatalyst
Surface morphology and surface area affect the reaction rate
Photocatalyst
concentration
Catalyst loading is proportional to the reaction rate, but when the catalyst is in
excess, light scattering occurs. Therefore, the catalyst loading has to be
optimized
pH Controls surface charge properties. Usually chosen based on point of zero
charge (pzc) of the photocatalyst and whether the pollutant is cationic or
anionic. For ex: pzc for TiO2, ZnO and NiO are 6.9, 8.0 and 9.0 respectively.
Reaction
temperature
Increase in temperature leads to increase in charge recombination rate, thereby
less photocatalytic activity.
In addition to attaining control over the above listed parameters, efforts have also been
made to increase the photocatalytic activity by employing a hybrid process. Thus, electron
scavengers like O3, H2O2, Fe2+/Fe3+ + H2O2, S2O8- or Br2O3- could be added to the pol-
lutant mixed water, in order to trap electrons and enhance the •OH generation. Though
these electron scavengers can improve the overall efficiencies, their usage (as an additional
chemical) and requirements for strict optimization, makes them less attractive.
Heterogeneous photocatalysis (where hydroxyl radicals are generated and utilized)
is also a type of advanced oxidation process [38,46] that involves the usage of light source and
is cost effective as compared to other AOP related processes. It is even more interesting
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because complete mineralization can be achieved even without the electron scavengers. But
the challenge lies in upscaling the process for real time applications.
1.2.2. Heterogeneous photocatalysis
Heterogeneous photocatalysis is a multi-process technology [47] that involves vari-
ous disciplines including semiconductor physics, chemistry, materials and surface science.
Heterogeneous photocatalysis was first reported in late 1930s [48], when photo-bleaching of
dyes was done with the help of titanium dioxide (TiO2) under UV light source. But the
photocatalytic era started after the successful demonstration of water splitting using TiO2
electrodes, in 1972 [49]. Following this, in 1977, Frank and Bard A.J [50], first reported the
use of TiO2 suspension for pollutant removal. Since then, during the past four decades,
research investigations (both theoretical and experimental) on photocatalysis had led to
deep understanding towards the fundamentals involved and strategies were developed to
improve the photocatalytic efficiency by improving the design of photocatalytic materials.
As a multi-process technology it involves diverse processes like light absorption, adsorption
of chemical species to photocatalyst, generation of photo-induced charge carriers and active
species, oxidation-reduction (redox) reactions and finally the resultant action (degradation
of pollutant or splitting of water into hydrogen). In case of pollutant degradation, active
species formation will lead to the mineralisation of pollutants into products like CO2 and
H2O that is non-toxic. Given that the light absorption is the first and foremost step in het-
erogeneous photocatalysis, the electronic structure of semiconductor materials make them
the most desirable. As shown in Figure 1.1, the semiconductors (SC) have the electronic
states arrangement (filled valence band (VB) and empty conduction band (CB)) such that,
the electrons in valence band will be excited when irradiated with a light source.
Figure 1.1: Energy band gap in Semiconductors.
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When a semiconductor is irradiated with a photon of energy (hν) equal-to or higher
than its bandgap (Eg) [hν ≥ Eg], the electrons will be excited to the CB, leaving behind holes
in VB and the following subsequent reactions will take place and the photocatalytic process
(pollutant degradation for a semiconductor photocatalyst) consists of the following steps
and the charge kinetics:
1. light absorption
2. generation of electron-hole pair
SC + hν (≥ Eg o f SC)→ e-CB + h+VB (Photoexcitationand chargecarrier generation , f s [very f ast])
(1.5)
3. migration and transfer of charge carriers, leading to red-ox reactions*
4. formation of reactive species (hydroxyl radicals, superoxide anions)
O2 + e-CB → O2•- ( Reduction reaction )
(1.6)
H2O + h+VB → HO •+ H+ ( Oxidation reaction )
(1.7)
5. mineralization of targeted pollutants
Pollutant + •OH → oxidized molecule ( mineralized product 100 ns [slow])
(1.8)
Pollutant + O2•- → reduced molecule ( mineralized product ms [very slow])
(1.9)
*When the migration and charge transfer are not effective, recombination will occur, which
is detrimental for the photocatalytic reaction; fs - femtoseconds, ps - picoseconds and ns -
nanoseconds.
Above shown reactions are the elementary processes that take place during the
exposure of photocatalyst to the light source. Charge dynamics studies using femto and
picosecond absorption spectroscopies could help in identifying the characteristic time for
each of those elementary processes. The values shown in relation to the charge dynamics, in
above reactions are adapted from the representation regarding primary processes and their
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time domains for TiO2 based mineralisation of organic pollutants. [51].
Moreover, the time domain involved in charge dynamics indicates that the time
taken to form superoxide anion is higher than for hydroxyl radical formation. This would
mean that hole transfer (100 ns) can compete with the recombination process (100 ns) [51]. It
also shows that, the excited charge carriers (e- and h+) are prone to recombine either at the
bulk or surface of the material, in a matter of nanoseconds, as shown in the equations below:
e-CB → e-TR ( electron trapping ;10 ns [deep traps, f ast] or 100 ps [shallow traps] )
(1.10)
h+VB → h+TR ( hole trapping ;10 ns )
(1.11)
e-TR + h+VB ( h+TR ) → e-VB + heat ( charge carrier recombination 100 ns [slow] )
(1.12)
where, TR - trapping.
This recombination rate can be reduced by employing surface modification tech-
niques that are specific to semiconductor materials. They include doping, metal deposition
or coupling of semiconductors and these concept will be explained in detail in the subse-
quent sections.
Irrespective of the type of applications in which heterogeneous photocatalysis is
used (water/air purification, water splitting for H2 production), the energy loss incurred
during the process and operational costs are greatly minimized (as opposed conventional
methods) due to the direct utilization of solar energy [52,53]. Especially, for pollutant degra-
dation processes, photocatalysis allows gradual breakdown of the pollutant molecules and
avoids sludge remains and thereby the necessity for their removal [53].
For effective performance of a photocatalyst in pollutant degradation, the CB elec-
trons and VB holes are expected to be sufficiently negative (to produce superoxide anions,
E0(O2/O2•-) = -0.28 V vs. NHE) and positive (to produce hydroxyl radicals, E0(H2O/•OH)
= 2.8 V vs. NHE), respectively [1]. When this condition is fulfilled, the gradual breakdown of
pollutants will take place as shown in Figure 1.2.
10 of 232
1 | CHAPTER 1. STATE OF THE ART
Figure 1.2: Pollutant degradation mechanism for a semiconductor, with the resultant
reactions in presence of light source.
1.3. Photodegradation vs. water splitting
Pollutant degradation (PD) and water splitting(WS) are two major topics related
to chemistry and materials science that are based on the concept of photocatalysis [54–56].
The similarities and differences between them needs to be understood, when designing the
photocatalyst. They both rely on the absorption of photons to generate the charge carriers
(electrons and holes). Differences appear once these photo induced charge carriers reach the
surface and participate to the redox reactions [57]. Both PD and WS processes follow three
steps:
1. carrier generation - occurs on irradiation by light source; a step that does not pose any
difference
2. carrier separation - realizable by avoiding bulk and/or surface recombination; there is
difference in the way it influence the specific process
3. carrier consumption - will take place effectively on effective occurrence of previous
steps; difference occur in the charge consumption mechanism and number of charge
carriers or energy required to perform the process
The ability to achieve an efficient photocatalyst lies on the ability to acquire good control
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over all the three aforementioned steps [58,59]. PD is a thermodynamically favourable or
a chemically downhill process, 4G<0 whereas, WS is a thermodynamically unfavourable
process or a chemically uphill process, 4G>0 [54]. The PD is a hole dependent process (one
hole could result into formation of active species that are capable of degrading the pollu-
tants), whereas, the WS is a complex process involving four electrons that should react with
protons to form hydrogen, in addition to the oxygen evolution reaction. Therefore, PD is
more dependent on the surface-to-volume ratio (should be higher, to allow more adsorption
of pollutants) and the amount of active species that could be generated through the redox
reactions, whereas WS is more dependent on efficient charge transfer, its separation and
prevention of bulk recombination (Figure 1.3).
Figure 1.3: Role played by charge carriers in pollutant degradation and water splitting
process
In addition to differences in the amount of electrons need to be transferred, in
both PD and WS, the ability of photogenerated charge carriers to perform the redox reac-
tions is significantly dependent on the position of the CB and VB of the semiconductor,
which should be aligned in a way that minimum energy is required to induce the (reduc-
tion/oxidation) process. The alignment of VB and CB levels for some commonly investi-
gated semiconductors in relation to the PD and WS mechanisms is shown in Figure 1.4.
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Figure 1.4: Band gap energy, VB and CB energy levels for a range of semiconductors on a
potential scale (V) versus the normal hydrogen electrode (NHE). Reproduced from ref. [1].
Given the different charge transfer mechanisms involved, a photocatalyst that per-
forms better in PD, not necessarily performs good in WS. [60]
1.3.1. Model pollutant used - RhodamineB
RhodamineB (RhB) is one of the main xanthene (characterized by the presence of
xanthene as core, exhibiting fluorescent yellow to pinkish colour), synthetic dye which has
wide usage in textiles, paper or plastic and even food industry. Its molecular structure is
shown in Figure 8.2 which indicates its cationic nature.
Figure 1.5: Molecular structure of RhodamineB. [2]
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RhB is particularly famous for its good stability and is often found as traces in
water [2,61–63] and food [64,65]. It causes serious environmental problems and is also proven to
be harmful for humans and animals (carcinogenic, irritation to skin, eyes and respiratory
tract). As with many other dyes, conventional methods like adsorption and ozonation
are not effective for RhB degradation as well and hence, heterogeneous photocatalysis is
considered to be a promising method.
In this thesis, RhB is used as the model pollutant and its degradation process
is monitored by using thin film based scaffold and heterostructured photocatalysts. Dye
degradation processes are usually initiated by the photo-induced reactions (producing e-/h+
pairs) that will accelerate the catalytic process resulting into formation of the active species
(superoxide anions [O2•-] or hydroxyl radical [•OH]). This will further form the intermedi-
ates and eventually the mineralization products like CO2 and H2O. Therefore, it is necessary
to understand the reaction pathways/mechanisms and the intermediates formed during the
dye degradation, in order to analyse the performance results.
Previous reports have shown that RhB degradation involves two different path-
ways called chromophoric cleavage and successive deethylation (as shown in Figure 1.6),
that could occur independently and simultaneously. Chromophore cleavage takes place
with the support of photo generated e-/h+ pairs and hence associated with direct photo-
catalysis [66]. Whereas, deethylation is a step-wise process where the intermediates include
N,N,N’ - triethyl rhodamine (TER, 539 nm), N,N’ - diethyl rhodamine (DER, 522 nm), N -
ethyl rhodamine (MER, 510 nm) and rhodamine (498 nm). This process is generally related
to indirect photocatalysis, where light irradiation results into dye excitation (producing
the RhB+• radical cation) and repetitive e- injection paves the way for the completion of
subsequent deethylation steps [3,66]. This indicates that deethylation steps could occur even
when a photocatalyst is not available.
When deethylation process dominates, the reduction in absorbance peak will be
identified with a hypsochromic shift (shift towards lower wavelength), revealing the oc-
currence of intermediates formation. The presence or absence of such hypsochromic shifts
were studied in detail by Zhuang et al. [67] by employing varying TiO2 bilayer surfaces
(normal surface, interface defective and surface defective) and each of their influence on
inducing such shifts. Their studies suggest that complete RhB degradation, i.e, mineraliza-
tion occurs only when both deethylation and chromophore cleavage processes are taking
place. However, their explanation regarding the improvement in degradation efficiency
(75% after 5 h of illumination) in the presence of interface defects is in contrary to the fact that
interface defects deteriorate the charge kinetics of the photocatalytic process [11]. In addition,
their studies have not reported about the choice of pH which is an important parameter in
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controlling the pollutant adsorption at the catalyst surface.
Figure 1.6: Proposed pathway of RhB in suspension, irradiated by light source. [3]
In addition, studies by Zhao et al., [67,68] have shown that hydroxyl radicals formed
at the catalyst surface (•OHsurf) will enhance the deethylation process while that in the
bulk solution (•OHsol) will induce chromophore cleavage. This indicates that there is an
advantage of using radicals present both in the surface and bulk solution to improve RhB
degradation efficiency. This could be further related to the type of photocatalyst (powder
or thin films) used. Therefore, chromophore cleavage might be a dominating process when
powder materials are used, since they are known to perform the photocatalytic degradation
in the bulk solution. Concurrently, deethylation, a surface related process, (for which pH
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might not matter) could be the dominating process when thin films are used, as the reaction
occurs on the catalyst surface [69]. Hence, in order to achieve mineralization, i.e, to induce
chromophore cleavage as well, one would need to adjust the pH and find an optimized one.
In terms of pH influence on RhB degradation using ZnO nanorod based films,
Wang et al. [70] have shown that, when ZnO alone is used, both acidic and alkaline pH (3
and 11, respectively) have led to photo corrosion. Surprisingly, when iodine doped ZnO
nanorod was coated with TiO2 layer, the photo corrosion was avoided and both the acidic
and alkaline pH was observed to be performing better, by achieving efficiency of up to 97%,
after 6 h of illumination.
Choosing the pH - In general, when a material (like metal oxide) is immersed
into the liquid, ion exchange is induced, which is influenced by the net surface charge of
the photocatalyst material used. Moreover, the surface of the material could be positively
or negatively charged as a function of pH and the value of pH at which zero net surface
charge is attained is called as point of zero charge (pzc) [71]. Therefore, the surface electric
charge of the photocatalysts could be controlled by adjusting the solution pH, such that it
can favour the adsorption of the pollutants and thereby its degradation [72]. When the pH
> pzc, the photocatalyst’s surface will be negatively charged, allowing the adsorption of
positive charged pollutants (as shown in Figure 1.7) and the contrary holds true for pH <
pzc.
Figure 1.7: Schematic representation of the specific adsorption mode of positively charged
RhB and DER on the surface of the negatively charged catalyst in aqueous dispersion. [3]
The pzc of ZnO lies in the range of 8.4 - 9.48 [73–75] and that of NiO lies in the range of
8.3 - 10.5 [76]. However, depending on the hypothesis that surface electric charge of combined
materials or heterostructures (as studied in this thesis) will vary in relation to the involved
materials [71], it has been demonstrated that, pzc of ZnO in combination with other materials
(metals or metal oxides) will reduce and occur in the range of 7.3 - 7.6 [75,77,78]. Therefore,
RhB being a cationic dye (which becomes positively charged pollutants on dissolution in
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water) that is examined for the performance of heterostructured films, the pH of the RhB
solution should be above the pzc value 7.3 - 7.6. This is, in order to ensure the adsorption
of positively charged RhB molecules on the negatively charged heterostructures’ surface.
Hence, the pH of RhB solution was adjusted to 8 before test, for all the samples examined
for RhB degradation in this thesis.
1.4. Powder vs. thin films
Ever since the photocatalytic era started (about 5 decades now), the investigations
regarding photocatalytic applications were performed mostly with powder materials. In
case of water splitting, the photocatalyst is either deposited directly on a suitable sub-
strate or the powder material is made into a slurry which is then cast on the substrate.
Whereas, in case of pollutant degradation, the powder is usually suspended in the water
mixed with pollutant(s). Such a suspension needs a retrieval process after the treatment,
which is both time consuming and expensive. This may not be a serious issue in lab-
scale investigations, but has a major impact on the operational costs, for commercial /
industrial-scale implementation. Even when nanomaterials (10 - 100 nm) are used, which
are expected to form 0.5 µm agglomerates after the treatment, complete retrieval of the
material is strenuous and very costly [4]. Therefore, strategies have been developed for the
immobilization of the photocatalyst [79] on suitable substrates like quartz, soda-lime glass,
Indium doped Tin oxide (ITO), Fluorine doped Tin oxide (FTO), Silicon (Si), stainless steel
and porous or microfibrous substrates. With respect to the the major goal of reducing post
treatment retrieval or regeneration of photocatalysts, substrates like FTO / ITO / Si are
mostly preferred [4].
Nevertheless, this alternative path come with a compromise in the photodegrada-
tion performance. Powder materials (as single or heterostructured materials), in the form of
suspended particles are so far the better performing, owing to their higher surface to volume
ratio and the efficient mass transfer (some examples are given in Table 1.4).
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Table 1.4: ZnO powder materials examined for pollutant degradation, from literature
review.  - nanorod; degradation time - in minute [min] or hour [h]; TPA - terephthalic





















































RhB, 20 mg/L 90 min UV [84] [2014]
As seen in the table above, ZnO has the capacity to outperform TiO2, which is considered the
model photocatalyst and also a well-established and commercialized material. This is due
to ZnO’s enhanced ability (compared to TiO2) for light absorption and rapid charge transfer
(discussed in detail, in next section). However, the fact that ZnO as a single material, is
highly prone to photocorrosion, makes it less developed as a photocatalyst material. And
hence, decades long research regarding ZnO as a photocatalyst are devoted to developing
strategies for enhancing its photo stability and reducing the recombination rates.
Through immobilization, the surface area is reduced and hence the mass transfer
is greatly limited [47,85]. As an example, lower degradation rates are obtained for the TiO2
films with report to powder [as illustrated in Figure 1.8 [4]].
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Figure 1.8: Comparison of TiO2 sol-gel powder suspensions and TiO2 supported on β -SiC
foam as photocatalytic systems (with same loading in TiO2) for the elimination of Diuron in
water. Reproduced from the book photocatalysis and water purification by Pierre Pichat [4].
Likewise, ZnO thin films also have lower performance ('25% [86]), compared to
ZnO powders (in Table 1.4). This implies that the interaction mechanism between the semi-
conductor and pollutant is different in each case, as shown by Gumy et al, where the average
half-distance between the semiconductor and the targeted pollutant was demonstrated to be
increasing, as a result of immobilization (because reactions occur only near the semiconduc-
tor surface and not in the solution as in case of powder materials). A way to overcome
the above problem is to increase the surface area of the immobilized photocatalysts, which
could be done by adopting the nanostructured approach towards the material growth.
1.5. Planar vs. nanostructured thin films
Nanostructured materials are highly desired, irrespective of whether in the form
of powder or thin films, owing to their superior electrical, optical and catalytic properties,
as compared to the bulk counterparts. There are several types of nanostructures (particles,
cones, sheets, flower-like, rods/tubes, dendrites) which benefit from the increase in surface
area [87–89]. There are several advantages of using 1D nanostructured film over the planar
films and it is illustrated in the Figure 1.9.
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Figure 1.9: Illustration of planar and 1D nanostructured film, their properties.
The planar films usually suffer from lower surface area, reflection (less light ab-
sorption) and the photo generated charge carriers that must move through inter-particles
(or grain boundaries) resulting in high amount of recombination [89–91]. Whereas, 1D nano-
materials (nanorods) have some striking advantages that include larger surface area, in-
creased light absorption or trapping capabilities and direct electron pathway allowing effi-
cient charge transport [92–94]. 1D nanomaterials also have an increased diffusion length that
enables efficient charge separation and thus reduced charge carrier recombination. More-
over, it has facile strain relaxation (due to the gap between each nanorod) that will allow
facile preparation of heterostructures, without any damage to the nanorod. This will also
enhance the synergetic integration of properties from the second material, rather than a
separate effect, as in case of bilayered planar films. In addition, 1D nanomaterials require
significantly less quantity of the material, thus, reducing the overall material preparation
costs. Therefore, 1D based thin films are expected to perform better than planar films.
This concept was observed by Wu et al. [95], where vapour deposited ZnO (planar)
film and ZnO nanorods were examined for pollutant degradation (MO). The efficiency of
the film was <10%, while that of nanorods was '60%, thus a 5-6 times improvement in the
performance.
1.6. Semiconducting transition metal oxide as
photocatalysts
In general, conventional semiconductor systems have the origin of bandgap from
octet rule, where the closed shell configuration is composed of the s and p atomic orbitals [96,97].
This makes them defect intolerant and unstable or metastable [97]. But, semiconducting
transition metal oxide (STMO) materials usually have the presence of additional d orbitals
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(from transition metals), making them relatively stable and defect tolerant. From a material
design point of view for photocatalysis or any other applications, it is important to be able
to control and optimize the material properties (optical, electrical, catalytic etc). This along
with the necessity for choosing abundant, non-toxic, chemically stable, easy and low-cost
processable materials (also governed by the ability to control the properties) in terms of
large-area applications, make the STMOs interesting candidates. A photocatalyst is consid-
ered ideal, if it meets the following requirements:
a) suitable band gap, for light absorption abilities
b) large surface to volume ratio
c) desirable band edge positions with respect to the required red-ox potentials
d) high lifetime of photogenerated charge carriers or reduced charge carrier recombina-
tion
e) good photochemical stability and re-usability
Semiconductor or heterogeneous photocatalysis is often called Titanium dioxide photocatal-
ysis, due to its huge popularity after the pioneering study of Fujishima and Honda in 1972 [49].
An extensive research has been carried out in TiO2 photocatalysis, leading to its application
in water treatment, air purification, water splitting, CO2 reduction etc.,
Nevertheless, ZnO (especailly nanorods) has greater potential for photocatalytic
reactions, as a result of its ability for rapid carrier transport, as compared to TiO2. More
precisely, ZnO possess a direct bandgap with a very high electron mobility of ' 100 cm2
V-1 s-1, whereas TiO2 has an indirect bandgap with < 1 cm2 V-1 s-1 electron mobility [98,99].
Therefore, ZnO allows easier migration of photogenerated charge carriers (electrons/holes)
towards the surface, a crucial step in the photocatalytic process.
ZnO’s capability to encourage anisotropic growth [98], and hence easier synthesis
of 1D ZnO nanostructures makes it highly desirable for thin film oriented photocatalytic
applications. However, the drawback of ZnO (in relation to TiO2) lies in its lower chem-
ical stability and higher (charge carrier) recombination rate but also the poor visible light
absorption. Still, all these drawbacks could be eliminated or reduced by adopting the het-
erostructure formation strategy.
The materials that have been employed in this thesis and its basic properties are
discussed briefly as follows:
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1.6.1. Zinc oxide - photocatalyst
ZnO is a n-type semiconducting transition metal oxide material, that has a wide
(direct) band gap of ' 3.37 eV and a high exciton binding energy of 60 meV [100,101]. In
general, ZnO crystallizes in the wurtzite structure (as shown in Figure 1.10) which has a
hexagonal unit cell and in which every O atom is tetragonally coordinated to four Zn atoms.
This along with the anisotropic growth, facilitates the formation of ZnO nanorods (ZNR),
compared to other nanostructures.
Figure 1.10: Unit cell of the wurtzite structure of ZnO. Adapted from ref. [5]
Nanorods are grown along the c-axis by alternating positively charged Zn (0001)
and negatively charged O (0001̄) atom planes, making this structure polar. The polarity of a
material impacts the electrical, optical, the chemical stability and the reactivity. This being
said, it is important to note that the polarity dependent properties of the ZnO single crystals
are extensively investigated, but the ZnO nanostructures are less studied.
With the increase of studies on thin film based photocatalysts, ZnO nanorods have
gained attention owing to their unique electrical, optical and growth characteristics (as men-
tioned earlier in this section). ZnO nanorods were often reported to be prepared by adopting
hydrothermal method [2 step process involving: seed layer - by spin coating/lithography/
sputtering and nanorod growth - hydrothermal], growing them on FTO/ITO substrates [70,100,102–104].
Other preparation methods include electrochemical deposition [18,105], dip coating [9] and
Chemical vapour deposition [95]. Hydrothermal method is mostly used because of its sim-
plicity, facile control over growth [104] and budget-friendliness. As mentioned in Section
1.5, thin film based nanorods were shown to be performing better (a maximum of 60%
among previous reports), compared to planar films. Therefore, in this dissertation, ZnO (1D
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nanostructured) nanorods grown on FTO substrates by hydrothermal method is employed
as a scaffold material.
1.6.2. Nickel oxide - photocatalyst
Nickel Oxide (NiO) is also a STMO, which has p-type character and possess a wide
bandgap of 3.6-3.7 eV. NiO is known to adopt a crystal structure similar to NaCl (rock salt,
face centered cubic), forming octahedral Ni2+ and O2- sites (Figure 1.11, left side). When
sputtering is adopted as the preparation protocol, NiO (111) [Figure 1.11, right side] will
be formed under two circumstances: (i) deposition at lower temperature and (ii) at high
temperature (under lower oxygen ratio). In both cases, collision of Ni2+ and O2- will take
place on the surface of the growing film, but each in a different manner. Under condition (i),
non-stoichiometric ratio occurs, because, the collision takes place separately, without much
energy for them to recombine. Whereas, under condition (ii), the collision will take place at
the same time, resulting into a stoichiometric ratio [6].
Figure 1.11: Unit cell of the NiO structure (left) and atom arrangement in the (111) plane
(right). [6]
Among the possible configuration, both (100) and (111) NiO planes have been
shown to adsorb hydroxyls (-OH) [whose presence is capable of inducing catalytic reac-
tions], however the latter one is considered to be more active, due to its polarity [106,107]. NiO
(111) facets usually include a positive (111) plane terminated with Ni atoms and a negative
(1̄1̄1̄) plane composed of O atoms (Figure 1.11) and have shown significant enhancement in
photocatalytic applications [107]. The reasons behind the (111) plane reactivity were explored
(but not extensively) through both theoretical [20] and experimental [106,108,109] studies. While
Zhang [109] and his co-workers examined the photocatalytic performance (for RhodamineB)
of (100), (110) and (111) NiO and demonstrated that (111) NiO was performing better; Cap-
pus et al. [106] and Kitakatsu et al. [108] showed that hydroxylation occurs readily on the NiO
23 of 232
1 | CHAPTER 1. STATE OF THE ART
(111) surface, through surface studies like XPS, LEED and STM. As a proof of this, Zhao
and his co-workers demonstrated the energetics (theory vs. experiment) involved in water
dissociation on the NiO (111) surface, thereby providing both theoretical and experimen-
tal evidences that -OH readily adsorbs on them. Given that, surface hydroxyls/adsorbed
molecular water are important intermediates in the catalytic reactions (pollutant degrada-
tion/water splitting), the above mentioned proof for -OH adsorption in a ready manner,
depicts the role of NiO (111) surface in promoting catalytic reactions.
Although all these studies and material properties recommend NiO as a good
photocatalyst, the wide bandgap reduces its light absorption capabilities as a single material
and hence it is often used as a co-catalyst. Reports with NiO were demonstrating the
increase in degradation efficiency by adopting a nanostructure, as compared to a planar
film. Ding et al. [7] prepared NiO nanosheets on carbon fibre cloth (electrochemical depo-
sition) that showed RhB degradation efficiencies of up to 33%, whereas, Zhang et al. [109]
prepared planar films with poor efficiencies (<10%). In case of water splitting reactions,
NiO is considered as an effective co-catalyst for hydrogen evolution and hence used widely
in water splitting processes [110,111]. In addition, owing to its lower stability towards the
chemical species (with respect to metal oxide catalysts like TiO2, ZnO, CrO2, BiVO4) [112], it
is widely used as co-catalysts in pollutant degradation as well.
NiO coupled to TiO2 as powder heterostructures were shown to completely de-
grade MO in 25 min [113], whereas NiO and TiO2 as single material exhibited performances
of up to 25 and 60% (in 30 min), respectively [113]. Similarly, ZnO/NiO powder heterostruc-
tures completely degraded RhB after 25 min [114], whereas the efficiencies of single materials
reached 15 (NiO) and 45% (ZnO). NiO as co-catalyst with other materials like Vanadium
Oxide - V2O5 (MO degradation - 80% in 100 min), Bismuth Oxide - Bi2O3 (Acid Red degra-
dation - '60% in 120 min), Carbon Nitride - C3N4 (MO degradation - '98% in 50 min),
Nickel Ferrite - NiFe2O4 (RhB degradation - '90% in 60 min) were not observed to be as
effective as with TiO2 or ZnO. Heterostructures of NiO with metal loading like Silver (Ag),
showed efficiencies of '98% in 60 min, for the degradation of sunset yellow (not relatively
effective).
In all the above mentioned cases, the enhancement in degradation efficiency (com-
pared to single material) was attributed to the charge separation capabilities by adopting
a heterostructured material. As an example, the energy band alignment and the charge
separation for ZnO/NiO heterostructures is shown in Figure 1.12
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Figure 1.12: Scheme of the energy band alignment between ZnO and NiO. [7]
As per our knowledge, the pollutant degradation of NiO/ZnO thin film heterostruc-
tures have not yet been reported. In this context, thin film based, ZnO/NiO heterostructured
photocatalysts are investigated in this thesis.
1.6.3. Ruthenium oxide - photocatalyst
Ruthenium Oxide (RuO2) also belongs to the family of transition metal oxides
but shows semi-metallic behaviour, owing to the overlap of the partially filled metal (d
orbitals) and oxygen (p orbitals) bands [115,116]. It crystallizes in the rutile phase as shown
in Figure 1.13, exhibiting higher thermal and chemical stability [117].
Figure 1.13: Unit cell of the RuO2 wurtzite structure. [8]
Metal nanoparticles like Silver and Gold (Au) were widely studied for both TiO2
and ZnO metal oxides and have shown an improvement in the photocatalytic degradation
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efficiency. For example, Alshammari et al. [118] prepared Au/TiO2 and Au/ZnO heterostruc-
tures that exhibited ' 95% of degradation efficiency for RhB, in 40 and 80 min, respectively;
while Su et al. [119] and Kim et al. [120] prepared ZnO/Ag-Ag2O and Au/ZnO powders which
reached over ' 90% efficiency for the degradation of congo red (in 80 min) and methylene
blue (in 160 min), respectively. In general, adding noble metals will increase the visible
light absorption capabilities but will also support charge separation. Additionally, when
metal particles like Ag or Au are used, they can behave as electron sinks (i.e, electron
acceptors), encouraging charge separation (Figure 1.14a). More precisely, when Au is used,
Localized surface plasmon resonance (LSPR, detailed in Section 1.7.2.3) effect (as shown in
Figure 1.14b) will take place resulting into hot (highly energetic) electrons generation on
continuous light irradiation, helping in the effective charge separation. Therefore, in all
the above mentioned reports, better charge separation ability by using metal nanoparticles
as co-catalysts, have been attributed to the increase in their performance (in relation to
single material). The working mechanism of metal/n-type semiconductor heterojunctions




Figure 1.14: Illustration of the plasmonic effect in a metal/n-type semiconductor
heterostructure and (a) illustration of charge separation in Ag/ZnO heterostructures [9] and
(b) Au/ZnO heterostructures [10].
Similarly, Ag and Au nanoparticle decorated ZnO nanorods were studied by Chang
et al. [105], Ren et al. [9] and Wu et al. [95], exhibiting improved performance in pollutant degra-
dation. Ren et al. [9] prepared Ag/ZnO by photodepositing Ag on hydrothermally grown
ZnO that reached ' 50% MB degradation after 90 min of light irradiation (Single material,
ZnO showed' 36% efficiency). Wu et al. [95] detailed the Au/ZnO heterostructures (ZnO by
CVD + Au by photosynthesis) and reported' 80% of MO degradation after 180 min of light
irradiation. Likewise, Chang et al. [105] reported efficiency of '95%, for the degradation of
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MO (in 180 mins) using Ag/ZnO heterostructures (ZnO by Photoelectrochemical-Scanning
Electrochemical Microscopy [PEC-SECM] and Ag by photosynthesis). Here, special ef-
forts were done to increase the surface area of the thin film by adopting a selective growth
method for ZnO which resulted in only' 15% efficiency, and the same (type of ZnO growth)
was attributed to the increase in performance along with the charge separation effect after
decoration with Ag nanoparticles. Furthermore, Ag/ZnO and Au/ZnO preparation by
hydrothermal [ZnO] + Solution based synthesis, inducing electrostatic force [Ag/Au] was
reported by Arai et al. [102]. In this report Ag/ZnO and Au/ZnO was shown to degrade MB
2 and 3 times higher than that of ZnO alone, respectively. As it can be observed, most reports
refer to metal/ZnO heterostructures as efficient photocatalysts.
These reports clearly indicate that metal/semiconductor heterostructures perform
better in photocatalysis, as compared to single semiconductors. Therefore, RuO2 could be
used as a co-catalyst. RuO2 has higher chemical stability, ease of nanomaterial processing
and also excellent diffusion barrier properties due to which it can perform well as hole and
electron transport catalyst [121]. In general, these properties have made RuO2, a promising
candidate for photocatalytic and energy storage applications. RuO2 Was earlier shown to
be a highly efficient oxidation catalyst and hence widely investigated for oxygen evolution
reactions [122]. Though there are some studies regarding RuO2/TiO2 (as powder materials),
its combination with ZnO was reported for the first time in relation to photocatalytic degra-
dation properties only recently (as powders) [115]. Moreover, their interfacial properties in
relation to the surface of ZnO scaffold was not reported earlier. Hence, in this dissertation,
ZnO/RuO2 thin film heterostructures are examined for the tunability of interfacial band
bending, which could reveal the optimized preparation, thereby the band bending that will
eventually be beneficial for photocatalytic applications.
1.6.4. Effects of nanoscale
Any material which measures in the range of 1 - 100 nm, in at least one of its di-
mensions is usually referred to as nanomaterial and is shown to exhibit excellent properties
(with respect to the bulk), being part of almost all 21st century applications. Nanostruc-
tured materials are playing a vital role in photocatalytic applications as well and are most
often demonstrated to improve the efficiency of the process [101,123]. However, as mentioned
earlier, the search for an effective photocatalyst that could be implemented at real-scale
and that would satisfy the real-time requirements in terms of life-time and costs is still
ongoing. There are handful of reviews that discuss the materials that have been already
examined [46,124–126] and possible new potential candidates [127,128] and all of them specify
the ultimate importance of nanoscale effects (control over optical properties, charge transfer
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abilities and quantum confinement effects), especially for photocatalytic reactions, where
surface reactions play a vital role.
In general, for bulk materials, there are only a small percentage of atoms present
at the surface, which is why, they are considered to have less surface area and hence less
reactive. Whereas, nanostructured materials, due to the smaller size, half or more of the
atoms will be present at its surface, thereby increasing the surface area and hence the active
sites for the catalytic reactions. One can gain fine control over the electrical conductivity,
light absorption, carrier transport and quantum size confinement, properties as required, by
tuning the size and shape of the nanoparticles [129–131].
Light absorption - The bandgap of a semiconductor have been shown to vary as function
of the particle size and this effect is reflected in the red or blue shift of the absorption edge.
Change in electronic structure - When a material reaches below a critical size, the density
of states (electrons) in the energy levels would undergo a systematic transformation (local-
ization of electrons with varying dimensions) as shown in Figure 1.15.
Figure 1.15: Schematic representation showing the concept of dimensionality: in top panel
- 3D (bulk semiconductors), 2D (thin film or layer or quantum well, 1D (quantum wire or
rod) and 0D (quantum dot) nanostructures; bottom panel - corresponding density of states
[DOS] versus energy (E) levels for the corresponding structures.
With 3D structures (non-nano size or microstructure), electrons will be free to move
in all the directions. But in case of 2D, 1D and 0D, as the name suggests, the movement
of electrons are allowed only in two, one and zero directions, respectively. This is called
quantum confinement effect and it is also observed with the wavelength shifts occurring
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in the optical measurements like UV-VIS or Photoluminescence (PL). Basically, quantum
confinement would mean, that the movement of electrons is confined within the shape and
dimension of the material. The extent of quantum confinement regime is dependent on the
crystallite size (R) of the material and its relation to the Bohr radius (aB).
1. when R aB, the confinement is weaker - ex: 2D, quantum wells
2. when R ≈ aB, the confinement is said to be moderate - ex: 1D, quantum wires
3. when R aB, the confinement is very strong - ex: 0D, quantum dots
Quantum transport - The confinement of electrons further influence the movement
of electrons and holes in presence of phonons or photons, which in turn affects the overall
charge transport. The photo induced charge transfer of electrons and hole and eventually
the mass charge transfer properties that are observed in powder photocatalyst materials
are observed as a result of nanoscale size of the materials. However, charge separation
becomes an issue with the use of smaller particles. Therefore, interparticle charge transfer
is used by aligning the energy levels of two materials (coupling of two materials) such that
electrons and holes are separated in each of them, thereby enhancing the performance in
photocatalytic processes. Depending on the space charge region width at the surface or
interface (of two materials), the charge transport will be influenced. If the width is smaller,
tunnelling might occur, resulting in loss of available charge carriers for redox reactions, and
if it is higher than a defined criteria (material size specific, explained in next section), the
charge carrier separation and transport will be effective, thereby photocatalytic efficiency
will be enhanced.
However, in thin films, the mass charge transfer is reduced due to immobilization.
Though, 1D materials that provide efficient charge transport are capable of overcoming this
hindrance, the challenge lies in controlling the recombination at the defects, which arise
with higher surface area and smaller particle size. Therefore, attaining both an efficient
charge separation and control over defects at the interface are key factors in achieving an
efficient heterostructure that could perform better in photocatalytic applications.
1.7. Semiconducting metal oxide based heterostructures
A typical photocatalytic process involves three vital charge kinetics steps as fol-
lows: i) charge carrier generation, ii) effective charge transfer and separation and iii) effec-
tive charge consumption [58]. They are interdependent with each other and compromising
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any of these steps will result in slower kinetics, thereby affecting the efficiency. Therefore,
one needs to pay closer attention to the overall structure engineering (surface + interface
+ energy band) of the photocatalyst while designing it [11]. With the study of a plethora of
standard materials like TiO2, ZnO and WO3 and also after the emergence of new catalytic
materias (with well defined nanostructures), it is widely agreed that the single material
does not possess all necessary properties to successfully conduct the photocatalytic reac-
tions [41,55,132]. This led to the path towards involvement of more than one material, in
photocatalysis applications. Several metal oxides like TiO2, ZnO, WO3, BiVO4, Fe2O3, SnO2,
ZrO2 were already studied for their photocatalytic capabilities in the form of single materials
or embedded in heterostructures, either as powder or thin films [113,133,134].
There are several major reviews (by Kling et al. [135], Lee et al. [46], Hamid et al. [52],
Adnan et al. [136], Qi et al. [137], Gu et al. [98], Kumar et al. [99]) dedicated in specific to the ZnO
based heterostructures (powder materials) as photocatalysts, which gives insights into the
understanding about material, morphology, optical and electrical properties, photocatalysis
mechanism and their performance. Previous studies have established the necessity for mod-
ification to single material, to reduce recombination losses and increase photostability in case
of ZnO. In the decades of research, heterostructures that can provide visible light utilization
or effective charge separation or even both, have been explored widely, for reducing the
recombination issues. The challenges in attainig fine control over dopant concentration
and optimal bonding with co-catalysts in a budget friendly synthesis techniques, are still
prevailing (even in case of powders). However, by adopting heterostructures, it has been
well established (in case of powders) that efficient charge separation, reduction in charge
carrier recombination, and better interfacial charge transfer could be attained, after careful
optimization. In spite of achieving better performing heterostructures, there are still prob-
lems like durability, reaction selectivity, long-time performance etc, that are still need to be
addressed.
However, all the above mentioned conclusions from powder materials could not
be directly implemented for thin film based photocatalysts, as it holds greater complexity in
degradation reaction mechanism, as compared to powder materials. Several of the recent
reviews (in the last 4 or 5 years) have discussed and stressed the importance of nano-
sized heterostructured photocatalysts for photocatalytic applications [14,58,124,138,139]. Their
discussions lie in the need for careful design and control over the surface and interface
parameters, in order to attain optimization of charge kinetics and thereby the photocatalytic
performance. When two materials are coupled, an interface is a region where charge transfer
occurs between the two components and the transfer efficiency is greatly governed by the
interfacial properties attained. Heterostructures can take different forms as exemplified in
Figure 1.16.
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Figure 1.16: Schematic illustration of interfaces and surfaces in one dimensional
architectural structures.
1. Homogeneous - A bare/single semiconductor ((a) in Figure 1.16), will possess a spatial
charge separation at its surface
2. Decorated structure - Component I will be synthesized or deposited on Component II
((b) in Figure 1.16) in such a way, that it will result into an incomplete coverage leading
to multiple interfaces. Thereby the surface of both the components will participate in
the photocatalytic reactions; involves more than one surface or interface
3. Heterojunction structure - This structure is formed when the nucleation and growth of
Component I takes place at a particular site (whereas in decorated structures, number
of nucleation sites will be more) on Component II ((c) in Figure 1.16); involves one
surface for each component and one interface at their junction
4. Encapsulated structure - It is difficult to attain this structure, where Component I
is completely covered by Component II ((d) in Figure 1.16); involved surface and
interface are same as in case of heterojunction structures; also called as core-shell
structure; it is desirable, if Component I suffers from chemical or photo instability
These information clearly indicate that the attained surface and interface structures on form-
ing a heterostructure will be dependent on the architectural structure that will be obtained
from the material preparation. Furthermore, this would mean that the charge kinetics in-
31 of 232
1 | CHAPTER 1. STATE OF THE ART
volved in photocatalytic reactions will differ based on the surface and interface structures
that have been attained [11]. Hence, surface and interface engineering are two important
factors to be understood and explored, in order to design an effective photocatalyst.
Surface Engineering - There are several surface related parameters that govern the
performance of a photocatalyst (surface on which reactions take place): surface composition,
phase, facets, area, pores, vacancies, band bending and particle size. This shows that though
much of emphasis is basically given for improving the surface area, it is not the sole factor
that determines the performance of a photocatalyst.
1. Surface area (influenced by particle size [41]) and pores are closely related where, pres-
ence of pores can increase the area [11] and allows increase in adsorption properties
2. Surface composition and facet regulate the adsorption of chemical species and acti-
vation of redox reactions but also influences the light absorption and reactivity of the
material [58]
3. Surface vacancies - The presence of vacancies results into an coordinately unsaturated
surfaces that attracts impurities in the atmosphere (water, carbon dioxide) to form
dangling bonds (that are prone to capture and trap charge carriers). This is known to
influence the surface catalytic reactions because they can occur readily on coordinately
unsaturated surfaces than on a perfect surface. Moreover, the type of vacancies (metal
or oxygen, in case of metal oxides) and the region where they lie in the material
(shallow/surface or deep/bulk) determine the surface reactivity in catalytic reactions.
Photocatalytic activity being a surface reaction, have been shown to be enhanced,
when the concentration of surface defects are higher than the bulk defects. This is
because, charge carriers trapped at the surface are available for the interaction with the
chemical species, whereas, charges trapped at deep levels hinders the further travel of
charge carriers to the surface, thus cannot participate to the reactions [58].
4. Surface band bending is evident when the doping level at the surface is different from
the one in the bulk, as a result of surface termination and the resultant adsorption of
impurities on the surface. In the presence of impurities or defects, an n-type (p-type)
material will have upward (downward) band bending, driving the holes (transferring
electrons) for oxidation (reduction) reactions. For photocatalytic applications, an up-
ward band bending is desired as it will allow the facile transfer of holes to the aqueous
media and form the active hydroxyl radicals.
The detailing of the effects due to surface parameters on surface reactions display
the importance of optimizing the surface or surface engineering, before the interfacial prop-
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erties are optimized.
Interface Engineering - All the above mentioned parameters are need to be ad-
justed as well, with respect to the interface between the two materials.
1. Interface composition is dependent on the composition of original component (com-
ponent I) for light absorption and the formed interface for charge transfer that deter-
mines the surface reactions
2. Interfacial area - An efficient charge transfer is attained with a large interfacial area
3. Interface facet Charge transfer rate is dependent on the atom arrangement (facet) at
the surface of both the components
4. Interface defects - In contrary to the surface defects that have the probabilities for en-
hancing the performance of a photocatalyst, interface defects allows recombination of
photo generated charge carriers, hindering the interfacial charge transfer and thereby
the performance
5. Interfacial band bending - Its orientation (upward/downward) is dependent on the
work function of the materials involved, where electrons and holes will migrate to
the material with more positive CB and more negative VB level, respectively, through
interfacial charge transfer and is affected by the degree of band bending attained
Among them, the interface defects are the most impinging on the efficiency of the pho-
tocatalytic process, as they promote the recombination of photogenerated charge carriers.
Moreover, the parameters involved in surface and interface engineering are interlinked,
because the improvement in overall efficiency is possible only when effective interfacial
charge transfer is attained, which is dependent on the optimization of surface (scaffold
material) [11]. The relationship between both factors are represented in Figure 1.17. For
example, as a bare or scaffold material, defects might enhance the photocatalytic activity
((a) in Figure 1.17), but its presence while forming an interface with another material is
detrimental, as this will result into interface defects ((b) in Figure 1.17). In addition, effective
charge consumption should also happen and is dependent on the interfacial charge transfer.
If it is ineffective, accumulation of charge carriers will occur on both sides ((c) in Figure 1.17),
weakening the attained band bending and thereby the photocatalytic performance.
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Figure 1.17: Schematic illustration of the relationship between surface and interface
parameters in photocatalysis:(a) presence of defects on the surface of a single material
that leads to defectious interface;(b) the inefficient interfacial charge transfer that limits the
efficacy of optimizing surface parameters and (c) the inefficient surface charge transfer and
consumption that weakens the degree of interfacial band bending, in presence of external
factor like water/electrolyte. [11]
Theses overall observations emphasize that tailoring the surface and interfacial
properties of the nanoscale heterostructures is a potential factor that needs to be explored in
order to optimize the design of the photocatalyst.
1.7.1. Classification of heterostructures or heterojunctions
There are several categories of heterostructure or heterojunctions that can be formed:
(i) semiconductor-semiconductor, (ii) semiconductor-metal, (iii) semiconductor-carbon and
(iv) multicomponent heterojunction [132]. In general, semiconductor-semiconductor hetero-
junctions can be either p-n or non p-n heterojunction systems, which can lead to the devel-
opment of three types of band alignment: straddling, staggerered and broken-gap [13], as
shown in Figures 1.18a to 1.18c. The band alignment usually occurs based on the band en-
ergy levels of the chosen semiconductors, where straddling type results in accumulation of
both the charge carriers in one semiconductor only (Figure 1.18a), staggered type is capable
of separating electrons and holes in each semiconductor (Figure 1.18b) and the broken-gap
does not allow charge migration and separation (Figure 1.18c). Therefore, the staggered
type is capable of enhancing the charge migration and separation and consequently the
photocatalytic efficiency.
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(a) (b)
(c) (d)
Figure 1.18: Schematic illustration of band alignment for semiconductor/semiconductor
heterojunctions (a) straddling, (b) staggered and (c) broken-gap; and (d) metal/
semiconductor contact. 4CB and 4VB stand for the Conduction and valence band offset,
qχ is the energy needed to move the charge from CB into vacuum or infinity, χ being
electron affinity and qΦ is the energy needed to move electron from the Fermi level (EF) to
infinity, Φ being the workfunction. In (d), Φm - metal workfunction and ΦS - semiconductor
workfunction.
The semiconductor-metal heterojunctions are also known to enhance the charge
separation by forming a Schottky barrier at the interface (Figure 1.18d), which can sig-
nificantly reduce the charge carrier recombination. The commonly explored junction is
metal/n-type semiconductor, which is capable of enhancing the light absorption and quan-
tum efficiency. These characteristics in turn could greatly enhance the photocatalytic effi-
ciency of such heterojunctions.
The semiconductor-carbon heterojunctions involves the coupling of semiconduc-
tors with carbon materials (most often carbon nano tubes or graphene) and are known to
enhance only the charge separation capabilities [132]. At the same time, multicomponent
heterojunctions involve coupling of one semiconductor with two or more visible light com-
ponents, with the same advantages as in bi-component systems mentioned above, except
that more than two materials are available for charge transfer and light absorption pro-
cesses [132]. However, the involvement of more than two materials, raises the difficulty in un-
derstanding the underlying mechanisms and designing effective heterostructures. Overall,
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Semiconductor-Semiconductor, Semiconductor-Metal and multicomponent heterostructure
formations are more attractive than Semiconductor-Carbon junctions, because the coupling
of semiconductors with another semiconductor or metal can enhance both light absorption
and charge transfer kinetics (effective charge separation, rapid charge transfer, increased
lifetime of charge carriers) of the material.
1.7.2. Band bending
The band bending concept was first introduced by Mott-Schottky [12] to describe
the rectifying behaviour of the metal-semiconductor junction, which was later on applied
for the association of any other types of hybrid phases that involved a difference in the
Fermi level or the redox potential. Whenever a semiconductor comes into contact with any
phase (i.e. liquid, gas, or metal) that exhibits a different Fermi level or redox potential, the
charge carriers will be redistributed at the interface, in such a way that the chemical potential
between the semiconductor and the second phase are levelled, resulting into a space charge
region [12,140] and band bending at the interface.
In principle, the electric field in the space charge region that occurs at the interface,
encourages the spatial separation of the photogenerated charge carriers (electrons and holes)
and consequently reduces the recombination rate. But, the width of the space charge region
governs the charge transport and tunnelling might occur if the space charge region is not
optimum, which in turn will degrade the performance of photocatalytic activity. In case of
smaller particles, the depletion width or magnitude of band bending is controlled by three
parameters, namely the particle size, the donor concentration and the relative dielectric
constant [12]. The band bending is directly proportional to the particle size and dopant
concentration (are widely discussed) but inversely proportional to the material’s dielectric
constant [12].
Quintana and his co-workers [141] studied ZnO and TiO2 of similar size and demon-
strated that lifetime of photogenerated electrons are higher in ZnO (than TiO2), attributing it
to the presence of higher band bending, hence a reduced recombination rate. Furthermore,
the significant band bending in ZnO was attributed to its smaller dielectric constant (≈8),
as compared to that of TiO2 (≈50 - 100) [12], thereby revealing the relation between dielectric
constant and band bending. The depletion width depends on the donor concentration and
it influences the photon penetration depth (as represented in Figure 1.19), in turn will affect
the photocatalytic efficiency.
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Figure 1.19: The effect of dopant concentration (ND) on the band bending and
photogenerated carrier behaviour in semiconductor nanoparticles for (a) lower donor
concentration where depletion layer length (D) > photon penetration (DP); (b) medium
donor concentration where D = DP; (c) higher donor concentration where D < DP. In
panel c, where extreme upward band bending exists because of high ND, holes are efficiently
transferred to the particle surface, thereby partial enhancing in photocatalytic process. [12]
For a lower donor concentration, the depletion width [D] becomes greater than the
photon penetration depth [DP] (D > DP), leading to recombination of photo induced charge
carriers in bulk and/or surface and thus improved photocatalytic efficiency cannot be ex-
pected (Figure 1.19a). At an optimized level of donor concentration, the photon penetration
depth will equalise that of the depletion width (D = DP), hence effective charge separation
is expected, thereby a decrease in the recombination rate and maximum photocatalytic
efficiency can also be expected (Figure 1.19b). Concurrently, for excess donor concentration
(Figure 1.19c), the depletion width will be smaller than the photon penetration depth (D <
DP), limiting the charge separation effect only to the depletion region. In such a case, hole
transfer to the surface can occur effectively, but the electron lifetime in the bulk will decrease,
leading to an increase in the recombination and hence a drop in the photocatalytic efficiency.
Based on the second phase that is involved, the band bending can be classified
as: (i) surface state and adsorption induced band bending, (ii) semiconductor(n-type)/
semiconductor(p-type) junction; (iii) metal/ semiconductor junction; (iv) semiconductor/
electrolyte interface and (v) field-effect-induced band bending [12]. In relation to the materi-
als and applications involved in this thesis, the first four types of band bending are discussed
further.
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1.7.2.1. Surface state and adsorption induced band bending
In case of a clean or ambience exposed semiconductor, due to termination of lattice
periodicity at the surface or due to contamination with impurities (and the resultant dan-
gling bonds like hydroxyls), surface states may exist. These surface states can induce band
bending as illustrated in Figure 1.20 for n-type and p-type semiconductors respectively.
Figure 1.20: Schematic of the electron energy levels near the surface of a clean semiconductor
(a) undoped (intrinsic) semiconductor; (b) disequilibrium and (c) equilibrium between n-
type bulk and its surface; (d) disequilibrium and (e) equilibrium between p-type bulk and
its surface. [12]
For an intrinsic semiconductor (undoped), the Fermi level of the bulk (EF(bulk))
will be located at the midgap that occurs at the same level with the surface Fermi level
(EF(surf)),(Figure 1.20a), and hence the bands will be flat. But on disequilibrium i.e, on
doping, EF(bulk) > EF(surf) or EF(bulk) < EF(surf) for n-type and p-type semiconductors,
respectively. This will result into charge transfer from bulk to surface, until equilibrium is
attained, giving rise to an upward (n-type) or downward (p-type) band bending, as shown
in Figure 1.20a and 19b, respectively. Usually, the density of surface states are higher than
that in the bulk and hence the Fermi level is pinned by surface states, an effect called Fermi
level pinning [12].
1.7.2.2. Semiconductor/semiconductor (p-n) junction
In relation to the subject of interest in this thesis, band bending at p-n heterojunc-
tion alone is discussed here. When a p-type semiconductor is brought into contact with an n-
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type semiconductor, diffusion of electrons and holes will take place resulting into the space
charge layer and the development of an internal electric field, as shown in Figure 1.21. A p-n
heterojunction is often the staggered type and allows the efficient spatial charge separation.
In such a heterostructure, the semiconductor with high EF (low work function) will initiate
the transfer of electrons and the one with low EF (high work function) will lose the holes,
leading to Fermi level equilibration (Figure 1.21 right side) [14]. Near the interface, the n-
type semiconductor will be depleted of electrons and the p-type semiconductor of holes.
This charge separation leads to the formation of an internal electric field that prevents the
electron hole recombination.
Figure 1.21: Schematic band diagram showing showing band bending at p - n junction. [13]
The stronger the internal electric field the higher the enhancement in electron-hole
separation. Hence, p-n heterojunctions (among semiconductor/semiconductor heterojunc-
tions) are widely used in photocatalytic applications.
1.7.2.3. Metal/semiconductor contact
At the interface of a metal and semiconductor materials, electrons will flow from
the material with lower work function to the one with higher work function, until the
equilibrium is attained (Figure 1.22a). The ideal situation is when the metal work func-
tion is higher than that of the semiconductor [14] (Figure 1.22a left side), to enable efficient
charge transfer and separation. Given that most noble metals, have higher work function
than the n-type semiconductors and smaller than the p-type counterparts, the metal/n-type
semiconductor is the ideal combination. In this case, electrons flow from the semiconduc-
tor to the metal leading to the formation of a depletion layer on the semiconductor side.
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When the semiconductor work function is higher than that of the metal (Figure 1.22a, right




Figure 1.22: (a) Energy band diagrams of metal/n-type semiconductor junctions. Evac -
vacuum energy; Ec - energy of conduction band minimum; Ev - energy of valence band
maximum; Φm - metal work function; Φs - semiconductor work function; χs - electron
affinity of the semiconductor [12]; (b) Schematic band diagram illustrating the plasmonic hot
carrier effect in the hybrid structures between metal and n-type semiconductor [14].
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In the first case, the Schottky barrier formation will enable the metal to possess
excess negative charges and the semiconductor to have excess positive charges, preventing
the charge carrier recombination. Due to the high density of electrons in the metal, no further
changes can occur in its EF and only the band edges near semiconductor surface will modify
with the bending due to the increase in hole density. These type of heterojunctions also
benefit from the plasmonic effect (when the plasmonic material is irradiated with light, with
a frequency matching that of oscillating surface free electrons, strong localized electromag-
netic fields will occur due to the collective oscillation of free electrons, also called as localized
surface plasmon resonance effect, (Figure 1.22b), which will significantly improve the charge
kinetics [14].
Normally, when the semiconductor is irradiated with an energy higher than the
bandgap, an electron is promoted to the CB (leaving behind a hole in the VB) and finally
transferred to the metal. When, only the metal is irradiated, the induced surface plasmon
can excite the electrons to higher energy state (from here, the name is "hot electrons"),
higher than the CB minimum of the semiconductor, possibly allowing their transfer to the
semiconductor. Furthermore, the backflow of electrons to the metal will be hindered with
the presence of an efficient Schottky barrier. The effective charge carrier separation (Schottky
contact) and improvement in charge kinetics (plasmonic effect) provides a fruitful combina-
tion, which is often required for an enhanced photocatalytic performance.
1.7.2.4. Semiconductor/electrolyte interface
When a semiconductor or photocatalyst is brought into contact with an electrolyte
(for eg, water containing organic pollutants), due to the differences in the electrochemical
potential levels, charge transfer will occur between them until equilibrium is achieved [140],
leading to the formation of a space charge layer formation at the interface. As a result,
the semiconductor will be charged positively at the surface and the negative species in the
electrolyte will compensate the change. The underlying mechanism for the bending in a
semiconductor/electrolyte interface is similar to that of metal/semiconductor junction. The
formation of the space charge region and the resultant band bending depends on the Fermi
level position of the semiconductor with respect to the electrolyte redox potential.
When the Fermi energy of the semiconductor lies in equilibrium with the redox
potential of the electrolyte solution, no net charge transfer will occur and hence no space
charge at the interface. This corresponds to the flat band condition (Figure 1.23, middle).
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Figure 1.23: Schematic diagrams showing the energy levels (top panel) and charge carrier
densities (bottom panel) for the n-type semiconductor surface/electrolyte interface; Flat
band condition (middle); downward band bending (left side) and upward band bending
(right side) are illustrated, for an n-type semiconductor in equilibrium with an electrolyte.
When the Fermi level of the semiconductor is lower than the electrolyte redox
potential, accumulation layer occurs as shown in Figure 1.23 (left side). As a result of
charge redistribution, negative charges will accumulate at the semiconductor surface and
positive charges on the electrolyte side. In most of the cases, the Fermi level of an n-doped
semiconductor is usually higher than the redox potential of the electrolyte, due to which the
depletion of negative charges occurs in the semiconductor and hence upward band bending.
Therefore, positive charges exist at the surface of semiconductor and negative charges at its
interface (Figure 1.23, right side).
Among the above mentioned situations, depletion layer formation at the semicon-
ductor/electrolyte interface plays a crucial role when charge separation occurs after the
light irradiation. The built-in (or internal) electrostatic field generally drives the charge
carrier kinetics and thereby will separate the photo generated charge carriers. For an n-type
semiconductor, the direction of the field is such that holes migrate to the interface where
they will undergo the chemical reaction (targeting the pollutants) and the electrons will
move towards the bulk part of the semiconductor.
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1.7.3. Charge transfer upon light irradiation
As mentioned earlier, the built-in electric field, plays a crucial role in driving the
charge kinetics of the semiconductor upon light irradiation and it occurs differently for bare
semiconductor and heterostructures (semiconductor/semiconductor and metal/semi-
conductor), owing to the differences in their surface and interface properties. The occur-
rence of charge transfer in bare semiconductor (n-type), semiconductor/semiconductor and
semiconductor/metal type heterojunctions under light irradiation is shown in Figure 1.24.
It is well known that bare semiconductors suffer from light harvesting, high probability
of charge carrier recombination and inefficient charge consumption. However, with the
improvement in synthesis procedures and material downscaling and with the help of facet
or surface engineering, there is enhancement in bare semiconductors. As shown in Fig-
ure 1.24a, on light irradiation, the electrons will be depleted from the surface (transferred
to electrolyte in case of photocatalysis reaction), resulting into the upward band bending,
in case of single n-type semiconductor. As a result, the holes trapped at the semiconductor
will participate in the oxidation reaction. However, spatial charge separation effects are
significantly weaker in the bare semiconductors, hence heterostructures are highly desirable.
Facet engineering (presence of various crystal facets due to surface states [variation
in atomic arrangement] and surface adsorbates [termination of bonding networks]) will in-
fluence the material interaction with acceptors or donors and hence the potential difference
and band bending development [14]. For example, when the outer surface is polar (as in case
of ZnO nanorods) the photocatalytic performance will be enhanced, due to the presence of
a dipole moment and thus a built-in electric field which already enables the separation of
photogenerated charge carriers (Figure 1.24b).
Among the semiconductor/semiconductor heterojunctions, the staggered type (Fig-
ure 1.24c) that consists of a p-n heterojunction is the most capable of enhancing the pho-
tocatalytic performance, on grounds of large difference in work function and potentials
between the n-type and p-type semiconductors. With the formation of p-n heterojunction
and diffusion of charge carriers, an internal electric field builds up at the interface. Upon
light irradiation, the internal electric field will drive the electrons and holes to the conduction
band of n-type and valence band of p-type semiconductors, respectively [93].
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Figure 1.24: Schematic illustrating the processes of charge separation and transfer driven
by (a) bare n-type semiconductor surface, (b) bare semiconductor with polar surface, (c) p-n
semiconductor heterojunction and (d) metal/n-type semiconductor Schottky junction. (a)
and (d) were adapted from ref. [14], (b) and (c) were reproduced from ref. [14].
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In case of metal/semiconductor heterojunctions, the charge redistribution results
into the formation of internal electric field at the interface (Figure 1.24d). On light irradi-
ation, the internal electric field will cause the migration of the photo-generated electrons
and holes, to the bulk of semiconductor and to the metal, respectively (Figure 1.24d, left
side and in the middle). This enables the separation of photo induced charge carriers but
on continuous photo-irradiation on the semiconductor, the electrons accumulated in the
semiconductor will become "hot" enough to be transferred to the metal, called hot carrier
generation (Figure 1.24d, right side) and can participate to reduction reactions. Furthermore,
the electron drift from metal to semiconductor, i.e, the reverse flow will be prevented by
the Schottky barrier. Instead, the holes will migrate to the surface and participate to the
oxidation reactions. Similarly, when a metal like Au is used as a conformal coating and with
its the continuous light exposure, it is no more an electron sink (as is the case at the beginning
of light exposure), because with hot electron generation, the electrons accumulated in metal
will be transferred to the semiconductor and the subsequent processes as detailed for con-
tinuous irradiation of semiconductor will take place here as well. Overall, the presence of
a plasmonic effect (detailed in Section 1.7.2.3) will provide other advantages like extension
of the light absorption range, excitation of more electron-hole pairs in the semiconductor,
acceleration of the charge transfer due to the Localized surface plasmon resonance (LSPR)
and the enhancement in reactant adsorption due to dipole-dipole interactions [14].
Most importantly, it is worth to mention that in both semiconductor/semiconductor
and semiconductor/metal heterojunctions, the presence of an internal electric field only
guarantees the charge separation capabilities of the corresponding material and that charge
transfer from the interface to the bulk or inside the bulk, depends on the potential differ-
ence between the two materials. For the charge kinetics to be enhanced, it is crucial to
attain a heterostructure that will have migration direction of electrons and holes for charge
separation in accordance with the charge transfer direction that occurs outside the space
charge region [14]. This could be effectively attained in p-n and metal/n-type semiconductor
heterojunctions, whereas in case of straddling or n-n heterojunctions, the above mentioned
processes take opposite directions, thereby suppressing each other.
1.8. ZnO nanorods as scaffold and their heterostructures
As described in Section 1.4, thin films are considered promising candidates for
photocatalytic activities. 1D nanostructuration is an effective method for improving sur-
face area and the charge transport. Hence, the thesis is focussed on using ZnO nanorods
(ZNR) as a single (or scaffold) material or embedded in semiconductor/semiconductor and
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semiconductor/metal heterostructures, for the degradation of dyes in water. Though there
are a plethora of studies regarding ZnO as powder photocatalysts [46,99,101], for both single
and heterostructured materials, reports on ZnO thin films for pollutant degradation are not
many.
In general, many studies on ZNR films were widely focused on sensor applications
and less on pollutant degradation [142–145]. One of the reasons is the issue of photocorosion
of ZnO on longer exposure to light source, and the other is the lack of a driving force for the
effective separation of charge carriers [146,147]. Heterostructure formation could also protect
the ZNR, in addition to improving the charge separation, thereby enhancing the lifetime of
the material [148]. So far, in case of powder materials, various metal oxide semiconductors
including TiO2, BiVO4, Fe2O3, SnO2, CdS, Cu2O and NiO have been used as second material
in heterostructure formation with ZnO either for pollutant degradation or water splitting
applications [46,99]. Though these studies have given insights into optimal parameters for
the preparation of stable powder heterostructures, these evidences could not be directly
implemented for thin film based photocatalysts [18], owing the complex nature it possess and
also to the different pollutant adsorption mechanism. Moreover, even for powder materials,
there is lack of in-depth studies correlating the surface and interface parameters, with the
pollutant degradation activity [14].
Therefore, design of thin film based photocatalyst (scaffold and heterostructures)
with insights into the surface and interfacial properties are elusive and previous reports on
single ZnO thin films and heterostructures will be discussed in this section.
1.8.1. Scaffold surface treatment
Metal oxides are generally well known for possessing defects such as oxygen va-
cancies which are highly reactive [149] and play a major role in photocatalysis process [14]. It
is important to get rid of the vacancies in the scaffold material, before the heterostructure
formation, since it greatly influence the interface quality.
ZnO being an attractive semiconductor for numerous applications, its surfaces and
interfaces have been systematically studied since five decades ago by G. Heiland on ZnO
surface conductivity under ultrahigh vacuum (UHV) conditions [150]. Most often studies
were carried out on single crystals, in relation to the electronic or optic oriented applica-
tions [135,151,152]. Since then, there were extensive studies on them both experimentally and
theoretically, that led to the basic understanding of ZnO surfaces. ZnO being an n-type
semiconductor, its surface could be tuned with oxygen or hydrogen treatment to vary the
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doping levels at its surface as shown in Figure 1.25.
Figure 1.25: ZnO surface (A) charge distribution, (B) band bending, and (C) electron
concentration before and after transient exposure to oxygen and atomic hydrogen. Oxygen
depletes the surface of electrons, while atomic hydrogen induces electron accumulation. [15]
Oxygen vacancies that have lower formation energy [153,154] were often attributed
to the n-type conductivity in ZnO and are believed to influence the optical, semiconducting
and also catalytic properties. The formation of (through annealing in presence of hydro-
gen/argon/nitrogen [151,155,156]) or filling up of oxygen vacancies (through annealing in pres-
ence of oxygen [155–157]) is supposed to influence the catalytic reaction, due to the different
band bending induced at the surface (Figure 1.25).
For example, Tu et al [153], had recently demonstrated that performing the anneal-
ing (under a fixed gas flow rate and temperature) step on as-grown (sol-gel method) ZnO
nanorod film under different atmospheres like O2 and N2 have influenced the defect levels
in the material. Through X-ray photoelectron spectroscopy (XPS), Photoluminescence (PL)
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and Mott-Schottky (MS) analysis, they were able to show that the annealing in N2 increased
the oxygen vacancy related defects whereas the O2 annealing had a reverse effect. Similarly,
Gheisi and his co-workers [156], employed Auger Electron spectroscopy (AES) and PL to
demonstrate that, upon stepwise annealing (cooling between each steps) of ZnO nanopow-
der, deep level traps were formed (increase in deep level emission with exhibition of yellow
emission through PL and upward band bending with depletion of electrons at the surface
through AES), under oxygen rich conditions. Whereas under vacuum conditions deep
defects were not noticed (enhanced surface emission and decrease in deep level emission
in PL, less band bending at the surface through AES). Cesar et al. [157] used hydrothermally
grown ZnO nanorods (on Si substrates) in his study and followed by PL analysis, the evo-
lution of defects. Before annealing, the deep level oxygen defects (yellow and orange-red
emissions) were increased with growth time, while the oxygen interstitial content (green
emission) was almost constant. At the same time, as a function of post-annealing in air, the
deep defects decreased as confirmed by the reduced green emission. They concluded in
their study that the orange-red emission involves, apart from hydroxides (-OH, desorption
temperature is 150◦ C, while their annealing was done at 400◦ C), the interstitials. Other
similar studies [155,158,159] also employed PL as the main characterization tool to analyse the
defect level’s presence in ZnO. All these studies relate the reduction in the green emission
to the annealing in the presence of oxygen. Even more, the green emission is attributed
to neutral oxygen vacancies (VO0) and a blue shift is expected to occur after annealing, as
the vacancies are ionized (by losing one or two electrons it becomes singly (VO+) or doubly
ionized (VO++)), as shown in equations 1.13,1.14,1.15 [155,158,160].
O0x → V Ox +
1
2
O2 (gas) ( Neutral vacancy f ormation ) (1.13)
V Ox → V O+ + e- ( Singly ionized ) (1.14)
V Ox → V O++ + 2e- ( Doubly ionized ) (1.15)
Drouilly et al., [155] demonstrated their studies (Electron paramagnetic resonance
(EPR) and PL techniques) on ZnO that had native oxygen defects, to show that the defect
content was influenced by both the nature (O2, N2, vacuum and O2 + N2) and the pressure
of the gas involved during the annealing process. Under oxygenated annealing, competi-
tion between formation and filling of vacancies occurs depending on the temperature and
oxygen partial pressure employed. Mostly the filling of vacancies was observed for oxygen
atmosphere, while in all other atmospheres, new oxygen vacancies were formed in addition
to the native vacancies.
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Furthermore, there are several studies that have correlated the enhancement in the
performance of photocatalytic systems to the quenching of deep level emission or increase in
surface emission of ZnO (powder and films) [7,148,161–163], and a handful of studies (in the last
decade [16,164–166], powders or ZnO on polymer membranes/fibers) that demonstrated the
direct correlation between the role of oxygen vacancies in ZnO and pollutant degradation
efficiency. A schematic representation of various defects (Zinc interstitials [Zni], extended
zinc interstitials [ex-Zni], oxygen vacancies [VO]) present in a typical ZnO material and their
position inside the bandgap, the possible role of vacancies and its relation to the type of
emission observed in PL are shown in Figures 1.26a and 1.26b.
(a)
(b)
Figure 1.26: (a) Schematic diagram depicting the various defects and the ascribed transitions
(each denoted as a, b, c, and d). Surface excitons (FX) and Zni are 0.06 eV and 0.22 eV
below the CB, respectively, while ex-Znis are 0.54 to 0.635 eV below the CB. VO∗ is '0.86
eV below the CB and VB is 1.16 eV above the VB, for a typical band gap of 3.36 eV; VO++
- doubly ionized oxygen vacancy and (b) PL spectrum of ZnO with deconvoluted peaks,
representing the various emissions that correspond to transitions ascribed in (a) Adapted
from ref. [16] and [17].
While most of these studies, correlate the improvement in photocatalytic activity
to the presence of oxygen vacancies [99], some argue about the fact that a high amount of
vacancies will act as recombination centers that will deteriorate the catalytic system [167],
leaving the conclusions inconsistent. And also, presence of vacancies at the surface are
known to negatively impact the interfacial properties (as discussed in Section 1.7), from
a material science point of view. Therefore, understanding the effect of surface and interface
characteristics on the photocatalytic activity is still elusive. The behaviour of heterostruc-
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tured thin films formed on scaffold surfaces like ZNR with and without adsorbates (or
oxygen vacancies) have never been explored in relation to pollutant degradation. Therefore,
in order to have a better understanding regarding the influence of oxygen vacancies in
the interface formation, ZNR scaffold was heat treated in the presence of oxygen under
UHV conditions and the properties of heterostructures formed with cleaned and uncleaned
scaffold have been studied in this thesis.
1.8.2. ZnO based thin films and heterostructures for pollutant
degradation
So far, ZnO (planar/mesoporous/1D) thin films that have been studied as single
material examined or embedded in heterostructures (semiconductor/semiconductor and
semiconductor/metal) for pollutant degradation application (Table 1.5).
ZnO nanorods were prepared through hydrothermal growth [168], anodization [18]
and CVD [95]; whereas planar films were prepared by atomic layer deposition [169], electro
deposition [86] and spin/dip coating [170]. As mentioned earlier, the adsorption mechanism
during pollutant degradation is different from powders to thin films [69], hence, one cannot
compare the efficiencies attained for thin films of similar structures with that of powders.
However, the following conclusions could be drawn:
1. some reports showed either lack or limited improvement after heterostrcuture forma-
tion, as opposed to the respective scaffolds, for smaller (1 - 3 h) [9,168] light exposure
time
2. improved performance was only obtained for longer light exposure times (>3 h) [70,105,171]
3. improved performance was obtained (at shorter exposure time itself), mostly when us-
ing a metal as second material [metal/n-type semiconductor heterojunction] [95,172,173]
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Table 1.5: Performance of planar and heterostructured ZnO thin films in pollutant
degradation. • - Nanorod; Degradation time - in minute [min] or hour [h]; MB - Methylene
Blue, RhB - RhodamineB, MO - Methyl Orange and MG - Malachite Green; ? - Degradation
was observed when light source was off, upto 25% (1 - ZnO preparation procedure 1 - spin













Planar ZnO 35 PMMA/ MB / 5 mg/L 60 min
UV
[169] [2017]
ZnO on Si 40 1 cm2
NR• ZnO '37 PET/ MO / 16 mg/L 8 h
UV-Vis
[162] [2016]
Ag/ZnO '37 not provided










NR ZnO '25 Zn foil/ Phenol / 5 mg/L 250 min
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NR ZnO '15 ITO/ MO / 15 mg/L 230 min
UV
[105] [2013]
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Xe lamp
[70] [2015]
ZnO:I4 '97 not provided
TiO2/ZnO:I '97
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Canon and his co-workers [18] prepared ZnO thin films by anodizing the Zn foil.
With the variation of applied potential, morphologies with transitions from planar to nanoflake
and nanowire were obtained. Phenol was tested for its degradation and even nearly feature-
less films (neither planar nor nanoflake) were capable of exhibiting better performance than
nanowires, when the nanowire diameter was very high and nanoflakes showed the highest
performance. However, owing to the benefit of higher surface area for 1D nanostructures
(nanorods), further optimization was carried out in controlling the diameter of nanorods.
This has showed that with reduction in the diameter, the alignment was compromised.
Among the randomly oriented nanorods, those with higher interpenetration between the
neighbouring nanorods were seen to be displaying poor degradation efficiency (Figure 1.27
[right side], attributed to limitation in the accessibility for light to reach the surface and
induce the redox reactions), whereas the performance of those with a moderate alignment
was increased. Furthermore, immersing the films in water for 24 h has led to formation of
hierarchial structures on the surface of ZnO nanorods and it was exhibiting better perfor-
mance by reaching upto 60% than plain ZnO nanorods. This shows that when nanorods are
used, control should be attained over its diameter and the alignment, along with formation
of hierarchy or heterostructures for improving the performance.
Figure 1.27: Scheme of ZnO wurtzite-type crystals and ZnO nanowires with controlled
interpenetration (left side) and higher interpenetration (right side). [18].
With the reports [70,105,171] that have showed better performance at longer exposure
times, it is clear that the trend explained in Section 1.4, regarding the powder vs. thin
films, holds true here. Surprisingly there was also report of degradation performance (of
25 - 50 %) in dark conditions as well [170], making the results unreliable. But there are
few reports [95,172,173] regarding higher performance with shorter exposure times (1 - 3 h).
Among them, ref. [95] and [172], have showed Au/ZnO heterostructures, by employing CVD
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[ZnO] + Photolysis [Au] and wet chemical [ZnO] + Photolysis [Au] methods respectively.
Wu et al. [95] have discussed about the role of Au nanoparticle size in influencing the pho-
tocatalytic performance, where larger nanoparticles were performing worse than smaller
particles. And it was attributed to the difference in charge transfer in each case, where
larger nanoparticle was considered to form Schottky barriers as in case of bulk and that Au
would have behaved asan electron sinks in case of smaller particles. However, the plasmonic
effect of Au nanoparticles and its variation with nanorod to nanoparticle distance and its
effect in charge transfer was not taken into account here. Moreover, by CVD deposition,
ZnO nanorods were shown to be oxygen vacancy free and performing better in degrading
MO (180 min), as both scaffold (68%) and heterostructures, (80%) compared to the planar
ZnO film (5%). Whereas, Zhang et al. [172] showed chemically prepared ZnO nanorods with
high amount of deep level centers that exhibited 40% efficiency in the MB degradation (60
min). For its heterostructures with Au (number of Au nanoparticles per nanorod and size
of nanorods were compared), those with optimized coverage and size (9 nanoparticles of
20 nm size) were shown to perform better than those with higher coverage (about 50 -
500 nanoparticles of size 10 or 20 nm) and the scaffold itself. This is because the light
and pollutant accessibility to ZnO was blocked. However, when density was not taken
into account, but only the nanoparticle size, smaller Au particles (< 20 nm, [10 and 5 nm])
were shown to perform better, as seen in case of Wu et al. [95]’s studies. This leaves the
proposal of better performance inconclusive, because less or optimized coverage of 20nm
Au nanoparticle was also shown to be exhibiting higher performance, in the same study.
Moreover, in case of decorated nanoparticles, as shown in this study, optimum performance
was attained for lower Au coverage, meaning that more of ZnO surface is exposed, which
might in turn affect the lifetime of the material, given that ZnO suffers from photocorrosion.
Xiao et al. [173] reported the formation of ZnO nanorods by wet chemical method,
which were then corroded using ammonia + cetyltrimethyl ammonium bromide (CTAB)
before spin coating TiO2 on top. No evidence was provided for confirming the removal of
CTAB (before TiO2 was coated), though high temperature calcination was said to be done.
TiO2 P-25 (commercially obtained and coated to glass for comparison studies), TiO2/ZnO
and ZnO NR were examined for MO degradation and the performance varied in the order
of P-25>TiO2/ZnO>ZnO. However, less difference (in the performance among the studied
samples) was observed for MB degradation. This was ascribed to the role of photogenerated
holes (as directly targeting MB molecules) in MB degradation and •OH radicals in case of
MO degradation. However, there are few surprising revelations, which make this study
as well inconclusive. First of all, chemically prepared ZnO is well known for excessive
electrons and high conductivity and thereby the Fermi level usually occurs above the con-
duction band, but in this study, the Fermi level position was surprisingly low at 2.61 eV.
In addition, TiO2 which is made as planar film (even though with smaller nanoparticles)
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have been shown in general to perform better only after longer exposure times (as a result
of immobilization [4]), but here, the performance of planar P-25 film was higher than both
the nano structured scaffold and its heterostructure, for short light exposure time. Also, the
Fermi level position of ZnO after TiO2 coating was not discussed, and thus the conclusion
on charge transfer was not supported.
In conclusion, though better efficiency was attained by using TiO2 or Au as second
material with ZnO nanorods (thin films), many questions remain unanswered regarding
the improvement in performance. MO and MB are often used as model pollutant whereas
reports on RhB degradation are lacking. Moreover, the studies so far indicate that either
the degradation rate is lower (i.e, higher light exposure times are needed to achieve higher
performance) or for higher degradation rates, the reasons behind the improved performance
remains unknown, as charge separation is assumed but not proven. Overall, all these reports
indicate that exploration of thin films in relation to the influence of surface and interfacial
properties and their influence on pollutant degradation is novel.
Therefore, in this thesis, ZnO nanorods (250-300 nm long and 50-60 nm wide) were
hydrothermally grown on F:SnO2/glass substrates and covered (decorated) by a very thin
layer of NiO by sputtering, for photocatalysis applications. In case of ZnO/NiO heterostruc-
tures, this way of preparation was never reported for dyes photodegradation. Yu-Ren Li et
al. [174] reported the fabrication of NiO/ZnO heterostructures for UV detection applications
by sputtering much more thicker NiO (150-450 nm) layers on top of chemically grown ZNR
(700 nm long and 50 nm wide). No correlation with a precise application was realized. A.
Echresh et al. [175] prepared ZnO /NiO heterostructures by thermally evaporating NiO (50
nm) onto hydrothermally grown ZnO nanorods. The nanorods were completely covered
at the top resulting in an evident loss of specific surface which in exchange did not impact
their photoresponse. They correlated the drop in the deep level emission and the constant
NBE efficiency with the lower dark current. The improved photocurrent was related to the
enhanced charge separation without further insight into the interface properties.
Although ZnO/NiO heterostructures with a structure similar [174–176] or different
(planar ZnO-600 nm on top of planar NiO-500 nm [177], ZnO@NiO core-shell heterostruc-
tures [7], ZnO/NiO hollow nanofibers [174], flower-like ZnO decorated with cubic NiO parti-
cles [178], ZnO/NiO composite (um range/nm range) powders [114]) than ours were prepared
by entirely chemical [7,114,176,178], entirely physical [177] or combined processes [175], most of
the time the improvement in the photocatalytic response is more readily related to an en-
hancement in specific surface. All the previously cited reports fail to simultaneously and
comprehensively correlate the photodegradation results with the surface (presence/absence
of adsorbates and defects) and interface (Fermi level position, band bending) properties.
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For example, Meng Ding et al. [7] have prepared ZnO-NiO core-shell hetero structures with
high photocatalytic efficiency and reusability via electrochemical deposition on carbon fibre
cloth substrates. In this case the variation of the photocatalytic activity with the NiO layer
thickness is directly correlated with the specific surface. The reduction in the PL intensity
(the deep level emission is not shown) is attributed to the decreased band to band recombi-
nation however a measure of the attained band bending is not given. In another example,
ZnO/NiO hollow nanofibers with improved photocatalytic activity [174] were fabricated by
impregnating electrospun polyethersulfone (PES) nanofiber webs in nickel and zinc acetate
solutions and subsequent thermal treatment. The improved photocatalytic efficiency was
attributed to the efficient separation of photogenerated electron-hole pairs without a mea-
sure of the attained band bending. Moreover, the difference in specific surface between the
composite and the single material fibres is not shown.
Both the heterostructure, surface and interface parameters of ZnO/NiO were not
previously explored for pollutant degradation purposes and thus constitute thus one of the
novelty points of this thesis.
As shown in the Table 1.5, only Silver (Ag) and Gold (Au) have been investigated
so far in case of semiconductor/metal heterojunctions in relation to the thin films based
on ZnO nanorods, for photocatalytic applications [9,105,162,172]. RuO2/ZnO heterostructures
have been explored only recently [115,161], in the form of powders for photocatalytic applica-
tions and showed promising results. Therefore, it is interesting to understand the interfacial
properties of RuO2 with ZnO. Even more, elucidating the influence of ZnO surface as with
and without cleaning in the interfacial band bending was not explored before. Hence, in
this thesis, a systematic interface study was investigated for RuO2/ZnO heterostructures,
to analyse the possibilities of tuning the interfacial band bending, which is an important
feature in charge separation and eventually in photocatalytic processes.
1.8.3. Single and heterostructured metal oxide in contact with water
Metal oxides are part of many applications like batteries, sensors, energy storage,
catalysis/ photocatalysis, memory storage etc [149,179,180]. Despite the opportunities posed
by these materials, the difficulties lie in the ability to control morphology or dimension,
impurities or defects that occur during the growth. These characteristics along with the
surface properties highly influence the functioning of devices or application in use [149]. The
high reactivity of the surface or near-surface region of metal oxides, play a major role in
processes like catalysis. Therefore, a deep understanding of the electronic structure, of the
influence that defects or impurities have on interface formation and of the surface reaction
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with incoming/adsorbed materials is necessary for designing an efficient structure.
Surface and interface properties of these materials have been approched by either
experimental or theoretical (DFT calculations) methods and they were both found very
challenging since they involve interactions at the atomic or molecular level. The experi-
mental techniques used so far to study the interaction of water with solid surfaces include
photoemission (X-ray photoelectron spectroscopy - XPS), scanning probe techniques (scan-
ning tunneling microscopy - STM and atomic force microscopy - AFM), thermal desorp-
tion spectroscopy (TPD), vibrational spectroscopies (High resolution electron energy loss
spectroscopy - HREELS and infrared reflection absorption spectroscopy - IRAS) and so
on [149,152,181,182]. Among them, desorption related techniques are capable of identifying
the decomposition products and whether reversible or irreversible desorption has taken
place at the surface. HREELS and IRAS are capable of recognizing the vibrational modes
related to OH and H2O. However, the desorption methods have issues in correlating water
coverage with the amount desorbed, whereas vibrational methods have issues in differen-
tiating between dissociated and molecularly adsorbed water. In exchange, with STM and
AFM imaging techniques, it is now possible to directly image the adsorption, dissociation
and diffusion of water molecules or atoms at the surface [183]. However, difficulties lie in
investigating water exposed samples because the H-bonds (much weaker than covalent or
ionic bonds) could be disturbed by the STM/AFM tip during the imaging. XPS is capable of
identifying not only the elemental composition, but also precise information on the molecule
dissociation/bonding on the surface and their influence on heterostructure interface prop-
erties. For example, after water vapour exposure, traces of hydroxyl group (-OH) and
molecular water can be identified in the oxygen peak (O1s). However, careful investigation
of the O1s peak is recommended, due to the overlap of several components (lattice oxygen,
-OH and H2O). The ability to discriminate betweeen dissociated and molecular water [181],
along with the possibility to study the interface between two different materials (in our case
semiconductors), holds a unique way to understand the change in surface chemistry on
heterostructure interface properties with water interaction. These studies find their utility
in single or heterostructure based materials when optimising processes occurring in water
media.
Major advancements were made in investigating the water interaction with solid
surfaces, since the review of Thiel and Madey published in 1987 [184]. Almost a decade and
half later, the developments in comprehending the fundamentals about water interactions
were rediscussed by Michael A. Henderson [181]. While Thiel’s review discussed in detail
about the water adsorption pathways (associative [molecular] or dissociative), the thermo-
dynamic and kinetic factors involved in water interaction, the adsorption studies on clean
metals, well characterized oxides and some non-metals; Henderson’s review details the
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various techniques available for surface investigations, their advantages and disadvantages,
the interplay between the water-water and water-surface interactions in influencing the ad-
sorption pathways on surfaces, the role of co-adsorbates (alkalis, oxygen, carbon monoxide)
as passive or active participant in surface chemistry and water interaction with surfaces
under non-UHV conditions.
Some of the major conclusions from their reviews are summarized here:
1. Behaviour of water on most of the metals and noble metals are well understood but
the exploration of reactive metals and oxides are missing.
2. The interaction of water with metal surfaces is weak, in most cases, and is attributed to
the fact the atoms are perfectly arranged. This is because, dissociation of water tends
to occur more readily at atomically rough areas than on smooth areas.
3. Investigations on (metal) oxides have revealed that chemisorbed oxygen is more ac-
tive for water dissociation, compared to oxidic oxygen, i.e, O2-. This is attributed to
the ability of non-lattice oxygen to encourage the abstraction of hydrogen from H2O,
which in turn mean water is dissociated.
4. When water is weakly adsorbed to the surface, water-water interaction will dominate
and clustering takes place, leading to diffusion of water molecules on the surface but
the situation is not clear for surfaces on which water is strongly adsorbed to.
5. Clustering of water takes place when water-surface interaction is weaker, whereas
strong water-surface interaction will discourage the water-water hydrogen bonding
interaction, therefore promoting strong bonding between water and surface.
6. Very little is know about the diffusion mechanism or how the surface structure can
influence the diffusion.
7. The presence of electronic defects does not necessarily guarantee the dissociation of
water but the other key factors that will induce water dissociation on an oxide surface
includes, the geometric arrangement of cations and anions (the configuration/polarity
of the outer plane) and the inherent ability to bind with water and receive protons.
8. Though TiO2 is one of the extensively studied metal oxide, experimental understand-
ing of water dissociation on its surface is lacking.
9. Whether and under what conditions water dissociates and the possible influence of de-
fect sites on dissociation, on the surface of ZnO are questions that remain unanswered
57 of 232
1 | CHAPTER 1. STATE OF THE ART
10. The conclusion of Carley et al. regarding the role played by chemisorbed oxygen in
water dissociation was not adopted in the recent studies reviewed by Henderson (or
most probably even after his review).
These reviews along with the subsequent reviews by A. Verdaguer et al [21] , A.
Michaelides [185] , A. Hodgson et al [186] , Hendrik Bluhm [182] and Olle BjoÌĹrneholm et al [187]
highlight that the major part of investigations (both experimentally and theoretically) were
done on the interface of water with metals or metal oxides or other non-metallic surfaces
as single crystalline materials. This is due to the fact that having defects or impurities at
the surface, adds to the already prevailing complexity in such molecular scale investiga-
tions. However, the real time applications are involved with polycrystalline materials (at
nanoscale level), which makes it complex to correlate the findings from those fundamental
studies [182]. Also, the complexity increases when considering polycrystalline nanostruc-
tured heterostructures.
Moreover, studies regarding the molecular-level role of water in catalysis or pho-
tocatalysis, non-thermal activation of water or heteroatomic materials is scarcely reported.
With the emerge of nanoscale materials and heterostructures based on them, the under-
standing about the interaction of molecular water with polycrystalline, defective and hetero-
junction surfaces is a key factor in improving the design of efficient photocatalytic materials.
Herein, we have studied for the first time the interaction of the Zinc Oxide (ZnO)
scaffold films and their heterostructures with Nickel Oxide (NiO) (nano and planar based)
films, with water vapour under ultra high vacuum (UHV) conditions, by using XPS, along
with room temperature (RT) photo luminescence (PL).
Many of the previous reports discuss either the XPS or other surface science tech-
niques individually or they correlate experimental results with theoretical calculations [19,152,181,182,188–192].
These studies shed light on several factors that should be considered while surface inves-
tigation is done, as opposed to laboratory prepared single crystalline materials: samples
used in technological applications are both structurally and chemically more complex being
rich in contaminants/defects; a strong water-surface interaction or the presence of oxygen
vacancies encourages the water dissociation process and even more in case of oxides; het-
erostructure interface properties, polar surfaces or surfaces rich in adsorbates are ambient
sensitive and are need to be examined under UHV conditions. As mentioned earlier, the
interaction of water with metal oxides is more complex than with metals, because both the
metal cations and oxygen anions can bind with water, where the latter is usually known to
facilitate water dissociation. Among metal oxides or non metallic surfaces, the interaction of
water and the corresponding surface reactions were investigated on TiO2, ZnO, MgO, NiO
and Silicon surfaces [181,184], with however, no direct correlation to photocatalysis.
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In particular, the surface interaction of ZnO with CO2, CO, H2O and H-atoms
was only studied for single crystalline, non-polar surfaces. The reports of Stephane et
al [19], John et al [193] and others [15,152] have revealed that water can either be molecularly
adsorbed (Figure 1.28a) or dissociated (Figure 1.28b) depending on the strength of water-
water or water-surface interactions and the availability of dangling -OH groups. Water
dissociation occurs through hydrogen extraction, which will be transferred to bond with
oxygen and hydroxyl gets adsorbed to the metal ion, leving a dissociated structures as
shown in Figure 1.28b. However, studies also show that both forms can co-exist on the
surface of ZnO, especially under UHV conditions [193].
(a) (b)
Figure 1.28: Top, front and side views of molecularly adsorbed water on the ZnO(101̄0)
surface; In the figure, Zinc atoms are grey, the oxygen atoms of ZnO are red, the oxygen
atoms of water molecules are blue and hydrogen atoms are white. [19]
In-depth studies on polar ZnO surfaces are lacking. Zinc oxide nanorods (ZNR)
are considered by definition a polar [154,194,195] surface owing to the ability of Zn atoms and
O atoms to grow alternatively along the c-axis [196], resulting in the stacking of opposite
charged planes which generate a dipole moment perpendicular to the (0001) plane. The
ZNR prepared by a chemical route, is prone to have vacancies or impurities. In general, it is
agreed that vacancies play a major role in the process of water dissociation [188,197,198]. Heat
treatment in presence of oxygen, of an as prepared ZNR surface is capable of removing the
impurities/adsorbates, forming layer(s) of oxygen adatoms (oxygen atoms adsorbed to the
surface by treating with oxygen gas flow). This chemisorbed oxygen is considered to be
more reactive in promoting water dissociation [184,199], but not widely studied. Hu et al [188]
demonstrated theoretically (in parallel to experimental studies of Huang et al. [198] and Sun
et al. [197]), that in the presence of oxygen vacancies (VO) water dissociation is promoted.
ZNR scaffold is known to have good charge separation effects, due to its one dimensional
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structure [93,200]. In this study, in order to reduce surface charge recombination [55,201] and to
enhance the charge transfer characteristics [58,93,202–206], the ZNR scaffold was coated with a
thin layer of NiO, targeting photocatalysis and water splitting applications.
In case of Nickel Oxide (NiO), water interaction with (100) and (111) surfaces are
widely studied in earlier reviews [181,184]. The major revelations were that, water does not
dissociate on the (100) surface, especially under UHV conditions and that NiO (111) is ca-
pable of readily dissociating water. It was expected that -OH terminated NiO(100) obtained
through growth, could facilitate water dissociation, however that is not the case. The energy
required for dissociative adsorption for water molecules on NiO (111) was recently reported
(through theoretical and experimental analysis [single crystal adsorption calorimetry] by
Zhao et al. by employing varying water coverage. Figure 1.29a shows the water disso-
ciation on NiO(111) and the energy involved [20]). The obtained dissociation energy was
seen to be matching the previous results (through temperature programmed XPS), with the




Figure 1.29: (a) The dissociative adsorption of water on NiO (111) plane) and the energy
required [20]; (b) Schematic model of the H2O adsorption on a Ni(111) surface showing that
each O in the 2×2 structure can bind one (a), two (b), or three (c) water molecules [21]
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Moreover, Nakamura et al. [21] have shown that at room temperature, NiO (111)
plane is capable of allowing stronger water-surface interaction (H2O-O[from NiO]) and
hence preventing the molecular adsorption of water. Moreover, their model structure have
shown that each oxygen atom in NiO(111) is capable of accommodating one, two or three
water molecules, as shown in Figure 1.29b. Probably, this is why, water dissociation occurs
readily on NiO(111).
In this dissertation, the influence of the presence or absence of adsorbates on the
bare ZnO and on the ZnO/NiO heterostructure formation, but also the junction interface
properties modification with water exposure were studied by step-by-step in-situ XPS. The
heterostructure with planar ZnO/NiO films and planar NiO films, were also studied for
comparison purposes. In addition, photoluminescence investigations were carried out on
ZnO scaffold and their heterostructures to elucidate the role of oxygen vacancies in band
bending.
The interaction of water with semiconductor metal oxide polar surfaces and in
particular with polycrystalline nano structured ZnO and its heterostructures with NiO is
first time reported here. The investigation was done by XPS under UHV conditions. Such
a study finds a direct application in the design and optimization of materials for processes
occurring in aqueous media such as photocatalysis or water splitting. We provide experi-
mental evidences that surface with less vacancies promote water dissociation.
Optical studies like photoluminescence will enable deep understanding about sur-
face plasmon interactions and interface fluctuations at the interface of metal/semiconductor
heterostructures. Therefore, all the heterostructures were thoroughly examined under PL
and the relative charge transfer mechanisms were elucidated, along with the revelations
from XPS investigations. Their correlation to photocatalytic activity showed the interde-
pendence of several factors (band bending, surface plasmon interactions, NBE emission,
deep level centers etc) of the material properties that had strong influence in the pollutant
degradation performance.
1.9. Conclusion
The review of the state of the art allowed emphasizing the advantages of the ad-
vanced oxidation process like heterogeneous photocatalysis over the conventional meth-
ods used for water treatment and the advances made so far in the semiconductor based
photocatalytic systems and also the level of comprehension on the underlying mechanism.
Furthermore, the advantages of using nanostructured thin films over powder materials and
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of the necessity for scaffold surface treatment are summarized in this chapter. The theory
and background related to band bending and charge transfer characteristics in case of het-
erostructured photocatalysts prioritized the need for attaining an internal electric field at the
interface that would enable separation of photo induced charge carriers. Moreover, the fact
that it is important to realise either p-type/n-type or metal/n-type heterostructure, in order
to enable the migration of the charge carriers in a complying manner both during charge
separation and consumption process have been taken into account, therefore to enhance
the overall charge kinetics. A comprehensive literature survey regarding the use of ZnO
based thin films (in specific based on Zinc Oxide nanorods) as single/scaffold and in het-
erostructures, for pollutant degradation was realised. In most of the cases, the improvement
in performance was attained with the help of utilizing modification techniques (doping,
metal or semiconductor deposition forming heterostructures). The highest performance was
obtained in metal/ZnO heterostructures for exposure times equal or longer than the time
employed in our studies (reported in this thesis), with values comparable/lower with pow-
der counterparts. However, systematic studies regarding the influence of the internal (band
bending at the interface, ratio of shallow level defects vs. deep level defects) and external
parameters (surface properties of scaffold material and deposition conditions involved with
second or contact material) on the photocatalytic response are elusive. Additionally, the
role of shallow vs. deep level defects in heterostructures, the possibilities to attain control
over NBE efficiency and interface fluctuations and their direct correlation to the charge
transfer characteristics and photocatalytic activity is not widely reported. Moreover, such
correlations were never reported for NiO/ZnO heterostructures and the correlation of the
above constitute one of the novelties of this thesis.
Literature study regarding water interaction on solid surfaces has highlighted that
either water adsorption can take place either molecularly or dissociatively depending on
whether water-water or water-surface interaction is dominating. In case of metal oxides,
the dominance in dissociative adsorption of water was often attributed to the presence of
vacancies and to the fact that it is more reactive. But it is also revealed that presence of
vacancies on the metal oxides, do not necessarily guarantee the dissociation of water and
that it could also be induced by the chemisorbed or adsorbed oxygen atoms at the surface
(but attributed less, when compared to vacancies). Moreover, studies on metal oxides are
always done on single crystalline materials and the surface reactions of poorly ordered or
polycrystalline materials on interaction with water was greatly unexplored. In specific, the
water-surface interaction in relation to photocatalysis on a polycrystalline surface (which
is usually implemented in real time applications) was never explored before. The study of
the complex nanostructures and delicate surface and interface properties being involved in
the heterostructured systems will provide an insight into the understanding towards the
performance of heterostructured photocatalysts and will help in improving the design of
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photocatalytic materials.
Therefore, for the first time here, we have studied the surface-water interactions on
the single material’s surface properties and on the interface properties when embedded in
heterostructures. Such a study finds a direct application in the design and optimization of
materials for processes occurring in aqueous media such as photocatalysis or water splitting.
1.10. Dissertation approach
The major goal of this thesis was to prepare efficient ZnO-based heterostructured
photocatalysts for the degradation dyes in water. A model schematic of such product is
shown in Figure 1.30.
Figure 1.30: Schematic representation showing the ultimate aim of using heterostructured
photocatalysts supported on substrates for pollutant degradation.
A derivate objective consisted in the fundamental exploration of such heterostruc-
tures with the purpose of elucidating the influence of external factors (type of adsorbates,
water exposure, deposition conditions) on the internal parameters (Fermi level, band bend-
ing, ratio of shallow vs. deep level defect) and consequently on the photocatalytic efficiency.
The philosophy followed to achieve these goals is illustrated in the flowchart Fig-
ure 1.31.
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Figure 1.31: Flow chart representing the summary of work done in this dissertation. RT, PA
and HT represent room temperature, post annealing and high temperature and PO2 implies
partial oxygen pressure.
ZnO was chosen as scaffold due to its abundance, low toxicity and especially facile
one-directional growth. 1D nanostructuration was our choice due to improved charge per-
colation and specific surface. To begin with, a comprehensive literature review was realized
on single and ZnO-based heterostructured materials (planar or nanostructured, powders or
thin films) as photocatalytic materials and included in Chapter 1. Also, all the fundamental
notions such as metal-semiconductor, n-p or semiconductor electrolyte junctions, photo-
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degradation principle and mechanism, plasmonic effect, etc. are presented in Chapter 1.
All along the studies performed in this work, the following correlations were re-
alized: surface structure (TEM, XRD) and chemistry (XPS) and interface properties (band
bending, Fermi level position in-situ XPS) with the material photo-reactivity (PL, I-V in light)
and water dissociation capabilities (in-situ water exposure and XPS analysis) and finally
with the photodegradation activity (only for NiO/ZnO heterostructures). The experimental
methods that were used for the heterostructure preparation and the major characterization
techniques like XPS and PL (others are detailed in appendix), the interpretation methods
used for thin film’s analysis in this work are detailed in Chapter 2.
The first step consisted in verifying the suitability of p-type NiO and metal-like
RuO2 as second material in the formation of heterostructures with ZnO, which is the subject
of Chapter 3. For this, step-by-step interface studies were realized by coating RuO2 and NiO
onto previously optimized pristine ZNR substrates but also on cleaned ones (heat treatment
at 400◦ C in the presence of oxygen). The studies demonstrated the successful formation
of the p-n and metal-n-semiconductor junctions and revealed the importance of surface
cleaning prior to co-catalyst coating.
Further on, the ZnO/NiO heterostructures preparation was optimized by identi-
fying the optimum surface cleaning conditions, followed by the optimization of the NiO
deposition here including the deposition temperature, the deposition time and the oxygen
partial pressure, as presented in Chapter 4. Finally, since these materials are used in an
aqueous environment, we have studied the influence of water exposure on the interface
properties and evaluated the water dissociation capabilities of single (nanostructured [pris-
tine and cleaned] and planar) and ZnO based heterostructures and correlated them with the
photo-degradation activity (Chapter 5).
The applicability of such 1D materials in real-life conditions was proven (as de-
tailed in Chapter 6) by the successful up-scaling of the ZNR preparation and the pilot-scale







Zinc Oxide nanorod (ZNR), the scaffold material preparation involved a two-step
chemical technique: spin coating the seed layer and hydrothermal growth of the nanorod.
The deposition of contact material (NiO and RuO2) was carried by another major technique
called magnetron sputtering, for all the heterostructures studied in this thesis. All these
techniques are detailed in the following sections.
2.1.1. Spin coating
Spin coating consists in the following steps:
i) few drops of the solvent are dispensed onto the substrate
ii) he humidity and the rotation speed can be controlled in order to vary the desired
outcome of coated layer
iii) with the help of the rotation, the precursor will be deposited the molecules all over the
substrate’s surface
iv) the above mentioned steps can be repeated depending on the desired layer thickness
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v) after obtaining the desired thickness, calcination was done at 500◦ C, for 2 hours
These steps are illustrated in Figure 2.1.
Figure 2.1: The stages of the deposition thin films by spin coating method. [22]
2.1.2. Hydrothermal growth
The substrates coated with seed layer were immersed into the solution, inside a
teflon-lined autoclave. The substrate was positioned in such a way that the substrate is
inclined to the walls at about 45◦ angle. The hydrothermal reaction was carried out in the
oven at 92◦ C for 1 h and the resultant ZnO Nanorod grown substrates were washed with
distilled water, dried in oven at 60◦ C for 30 min and then calcined at 500◦ C, for 2 h (at the
ramp of 300◦ C/h).
The detailed procedure for spin coating and hydrothermal method, the materials
used and the optimization of ZnO nanorod preparation are all described in Section 3.2.
2.1.3. Sputtering
The grown and calcined ZNR were further used as substrates to deposit the second
material for heterostructure formation. A physical deposition method, called magnetron
sputtering, which involves ions from desired target material that are derived from a plasma
that occurs due to low-pressure gas between two electrodes, is used here. The important ad-
vantages of sputtering over other vacuum coating techniques are the high deposition rates,
ease of sputtering any material, high-purity films, significant adhesion and homogeneity of
films, excellent coverage, ability to do coating on heat-sensitive substrates etc. Therefore,
this technique is also easy to do upscaling and thereby to be implemented in commercial
applications.
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Magnetron sputtering is a vacuum coating technique, that allows deposition of
metals, alloys and wide range of other materials for thicknesses of up to 5 µm. Its working
principle involves creation of ions with sufficient energy that could be directed towards the
surface of target. This will allow ejection of atoms from the material and with the help of low
pressure, these ejected atoms will travel the distance to reach the substrate. The reachability
of atoms without atom-gas collisions is ensured by the employed pressure in the system. The
average distance the atoms can move without colliding with gas atoms is called mean free
path and for this unimpeded travel, operating pressure should be at least 1Pa. Moreover,
this is closely related to the deposition rate, i.e the fewer the collisions, the higher will be
the deposition rate and vice versa. In addition, temperature conditions will influence the
surface diffusion and crystallinity of the sample being deposited, where high temperature
allows obtaining highly crystalline materials due to the higher surface diffusion rate.
In order to create the positively charged ionic species and accelerate them towards
the substrate to which deposition should be done, a plasma and an electric field are required.
An electric field could be created by direct current (DC), alternating current (AC) or pulsed
DC signals and DC is used for the all the contact material depositions done and discussed
in this dissertation. Moreover, for the creation of ionic species, many gases are available
for use, however, argon is widely used due to its inertness even in non-ionized state and
as it holds a desirable mass that can provide the ability to sputter variety of elements. In
addition to argon gas, oxygen gas needs to be used in combination, for the deposition of
oxide materials, as in case of the contact materials deposited here.
A typical magnetron sputtering setup (as shown in Figure 2.2) consists of two major
parts called anode and cathode, between which the electric field is applied, for the creation
of ionic species. For the deposition of a conductive material, DC is often used with the help
of a DC generator where a constant current is applied.
However, it is not preferable for the deposition of less conductive materials, since a
steady bombardment of the target by cations needs an alternating current supply, to stabilize
the system. Hence, an AC signal at a standard frequency of 13.56 MHz (since no impedance
is created at the targets, at this frequency) is chosen for the current supply. This technique
is often referred as radio frequency (RF) sputtering, as the chosen frequency lies under the
radio frequency regime. This method was used for the deposition of planar ZnO (Section
5.2), which was used in water exposure experiments.
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Figure 2.2: Schematic representation of the magnetron sputtering setup. The sputtered
target atoms or ionice species and the sputter gas atoms are represented as grey and blue
spheres, respectively. [23]
The DC and RF magnetrons used in this study, in DAISY-MAT system, were equipped
by Thin Film Consulting and HüÌĹttinger PFG 300RF RF generator was used for the RF
signal generation. The preparation strategy and parameters involved in the deposition of
NiO and RuO2, the contact materials that were investigated in this dissertation are described
in Chapters 3 to 5, in their respective ’Sample Description’ section.
2.2. Characterization techniques
2.2.1. X-Ray photoelectron spectroscopy (XPS)
XPS is a non-destructive and quantitative spectroscopic technique which measures
the elemental composition, and provides information about the chemical and electronic
states of the elements that exists in a material.
Principle and working
Photoelectron spectroscopy (often simply referred to as photoemission), works with
the concept of photoelectric effect, where illumination of a sample with photons of defined
energy larger than the ionization energy causes electrons to be emitted from the sample,
Figure 2.3) [24]. These excited electrons are called a photoelectrons.
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Figure 2.3: Primary photoemission and Auger process . [24]
The energy required to excite the electrons from the energy levels of the atoms,
increases from the outer shell (valence electrons) to the inner shell (core level electrons).
This is because, the more closer an electron is to the nucleus of the atom, the stronger will be
the binding energy. And the minimum energy required to excite an electron from the solid’s
surface into vacuum is called as the work function (φ ) of the material. Usually, core level
electrons have a very high binding energy that requires photons from the X-ray spectral re-
gion (as in case of XPS technique) for the excitation to take place, while the valence electrons
that have a relatively lower binding energy require photons from ultraviolet spectral region
for their liberation (used in a technique called ultraviolet photoelectron spectroscopy [UPS]).
A typical photoelectron spectrometer uses monochromatic X-ray source (Al Kα
[photon energy - 1486.6 eV and energy width - 0.85 eV] or Mg Kα [photon energy - 1253.6
eV and energy width - 0.70 eV] X-rays) to excite the electrons from core levels of the atoms
near the surface (' 1-10 nm, Sampling Depth (SD) = 3λ , where λ represents the inelastic
mean free path of an electron in a solid. Hence, SD is the depth from which '95% of
all photoelectrons are ejected from the surface) of a material into vacuum. These excited
photoelectrons will pass through a set of electrostatic lenses, where they are decelerated and
focused into the entrance slit of hemispherical analyzer. The hemispherical electron energy
analyzer then collects only the ejected electrons that are of specific kinetic energy or pass
energy, which is received in the detector channel. This complete process needs to be carried
out under UHV conditions, in order to avoid photoelectron inelastic scattering.
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The specific kinetic energy used to collect the photoelectrons is used to determine
the binding energy (BE) of the electron from the following equation:
EBE = h ν − EKin −φ sp (2.1)
Where h is Planck’s constant, ν is the frequency of the exciting energy source, and φ sp is the
work function of the spectrometer [24].
In general, a photoelectron spectra is recorded through the sweeping mode, in
which the pass energy and sweeping voltage is fixed and the chosen energy region could be
swept once or multiple times, such that the photoelectrons are counted by the detector chan-
nels for the given amount of time. The obtained XPS spectra is considered as a finger print
of the material being studied, because each ejected electron from an element correspond to a
characteristic binding energy and the position of this binding energy is used for identifying
the element. The core level of the electron for a corresponding material can be identified by
consulting the binding energy tables. In addition to element identification, quantification
can be done using the peak intensities, while the peak positions can be correlated to the
oxidation state of the element that is being studied.
Moreover, photoemission process usually involves two effects called initial and
final state (state of the ’photohole’ [that occurs on electron excitation] and possible loss of
screening effect of the core level electron) effects, both of which are known to impact the
binding energy that is being recorded. The common final state effects that account for any
changes observed in the photoelectrons spectra are spin orbit coupling, shake-up/shake-off,
plasmon and phonon interactions. Spin orbit coupling process will occur, when an unpaired
core electron of the atom, on photoemission results into coupling of the spin and angular
momentum of the orbital and this process is more recognizable for the electrons that are
present in the p,d,f orbitals. For example, a core level spectrum with spin orbit coupling
effect will have a doublet structure that display either two far apart signals as in Zn2p
(which has a doublet of Zn2p3/2 at 1021.6 eV and Zn2p1/2 at 1045 eV, with a BE difference
of 23.4 eV) or closely separated signals as in Ru3d (doublet of Ru3d5/2 at 279.90 eV and
Ru3d3/2 at 284.07 eV, with a BE difference of 4.17 eV). In the Zn2p (Ru3d), for the p orbital
(d orbital), the subscript number 3/2 and 1/2 (5/2 and 3/2) indicate the sum of angular
quantum number (1 and 2 for p and d orbitals) and spin orbital number (+1/2 or -1/2). The
extrinsic effect like electron shake-up or shake-off take place when energy is transferred from
a photoelectron to another electron, resulting into the latter’s excitation from the core level.
This phenomena gives rise to the satellite structure that is observed in the core level spectra
of transition metals like Nickel (Ni2p), Iron (Fe2p) and Cobalt (Co2p). Similarly, plasmon
or phonon interaction also leads to the energy transfer that occur between photoelectrons
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and delocalized electrons or phonons. As a consequence, the involved photoelectrons could
disclose an extra emission at relatively higher binding energies. The involvement of these
processes or effects make the quantification of the photoelectron spectra largely complex
and challenging.
In general, the various information that could be obtained and its relation to the
XPS spectra are detailed as below:
i) Chemical shift - The binding energy of an electron depends on the oxidation state of the
atom which is further dependent on the surrounding chemical environment. Hence,
any change in chemical environment of the material could be noticed in XPS spectra,
through the shift from its typical binding energy value and the reasons behind the shift
can be as quite diverse:
I element with higher oxidation state will have higher binding energy and vice
versa.
I when two materials are brought together, the transfer of electrons is initiated
by the one with higher electronegativity or the one with lower work function,
leading to change in the oxidation state of the material.
For example, when there is a loss of valence electrons, oxidation state increases,
leading to an increase in binding energy and vice versa.
ii) Full width half maximum (FWHM) - There are several parameters that can affect the
FWHM values and they are:
I lifetime of the core level,
I instrumental factor or surface charge effects,
I physical parameters like addition of new component or crystallinity or tempera-
ture or deviation from stoichiometry.
Additionally, broadening or narrowing of the main peak in a spectra occurs, this
might indicate oxidation or reduction. But to confirm this effect, its satellite struc-
ture should also be accompanied by noticeable changes.
iii) Element quantification - could be done by determining the atomic concentration (Cx)
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where I and S represent the intensity and sensitivity factor respectively; i and j are
element of sample and core level of the element i respectively.
Moreover, the following aspects should be taken into consideration, for the atomic
ratio calculation:
I sensitivity factor values are instrument specific, therefore, should use the values
that are found in the instrument manual.
I when the peaks of same material (eg: doublet or multiplet peaks) or of those
close to each other, are examined, the above formula could be used with normal
sensitivity factor.
I when peaks of elements have very different binding energies one should use a
correction factor, in addition to the use of atomic sensitivity factor values, because
they involve varying kinetic energies for the excitation of electrons. And the cor-
rection factor can be calculated by measuring a sample of known stoichiometry,
which can be used further to determine the corrected atomic ratio values.
iv) Core level intensity (of one material) - can increase or decrease, with the removal or
addition of another material, respectively. For example, removing contaminants by
a heating step, usually increase the core level of a material, whereas, deposition of
another material on its top will reduce the intensity.
v) Valence band maximum - could be extracted by extrapolating a line across the binding
energy of valence band onset, such that it will intersect the background. These values,
along with the core level BE values, helps to designate the band alignment structure
of the materials. In addition, when more than one material is used, the shifts in core
level or valence band maximum of the substrate will lead to the identification of band
bending that occur at the interface of the substrate and contact material.
In this thesis, XPS was used to analyze the chemical state of scaffold (as syn-
thesized, post treated) and heterostructured photocatalysts. Additionally, investigations
regarding the band alignment at the interface of the heterostructure photocatalysts and in-
situ water (vapour) exposure studies on scaffold and heterostructured photocatalysts were
performed using the XPS technique.
73 of 232
2 | CHAPTER 2. EXPERIMENTAL AND CHARACTERIZATION METHODS
All the above mentioned XPS related experiments were performed at the Darm-
stadt Integrated System for Material research (DAISY-MAT) system (Schematic shown in
Figure 2.4. It is a physical electronics PHI 5700 multi technique surface analysis system
combined with thin film deposition (sputtering, atomic layer) chambers, enabled with a
vacuum transfer system. The XPS measurement chamber is equipped with a monochromatic
Al Kα X-Ray source providing photon with hν = 1486.6 eV, operates at 10-9 mbar.
Figure 2.4: Layout of DAISYMAT system.
All spectra were measured at a photoelectron take-off angle of 0 (normal emission)
and room temperature. Given that Φsp is a photoelectron spectrometer specific parame-
ter, any deviation due to instrument factors during the measurement could be corrected
by employing the calibration method, where the Fermi level of a cleaned metallic sample
is measured and aligned to the binding energy of zero. For the samples studied in this
thesis, the binding energies (BE) of respective elements were obtained in reference to the BE
calibration that was performed through measuring the Fermi edge of sputter cleaned Silver
(Ag) standard.
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Ag standard XPS measurement procedure - For this, silver foil mounted on a
stainless steel sample holder was used and the following steps were done:
i) argon ion gun sputtering of the Ag standard, for about ten minutes, using the sputter-
ing parameters - kinetic energy of 1 keV and sample current of 0.9 µA for the sputtering
area of 4 × 4 mm
ii) measuring the survey spectrum of Ag and confirming that there is no contamination
(carbon or hydroxide) on the surface
iii) measuring the high resolution spectra of core level (Ag3d5/2 that occur at 368.26 eV)
and Fermi edge
These spectra were then utilised to perform the BE calibration for all the investigated
samples.
For all the samples studied by XPS in this thesis, the photoelectron spectra were
recorded under two modes: survey mode and high resolution mode. In survey mode, a
broad range of binding energy (from - 1 to 1400 eV, that utilizes a pass energy of 187.75
eV, with 0.800 eV/step and 100 ms as energy step size and step duration, respectively)
will be swept once, the spectra obtained is called as survey spectra (an example of ZnO
with and without contaminants is shown in Figure 2.5a). Signals from Auger, valence
and core electrons, along with a background (that increase with an increasing BE) could
be identified in this survey spectra, which is usually performed to identify the chemical
species and observe presence/absence of contaminants on the surface. In a high resolution
mode, specific binding energy range that is of interest (core level (Zn2p, Figure 2.5b), auger
(Zn LMM,Figure 2.5c) and valence band (of ZnO, Figure 2.5d) regions) will be swept for
multiple times, called as high resolution photoelectron spectra. This spectra will give a
detailed chemical and electronic information about the material being investigated and this
measurement is carried out using a pass energy of 5.85 eV, with 0.050 eV/step and 100 ms
as energy step size and step duration, respectively.
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Figure 2.5: Example XPS spectra showing (a) Survey spectra of ZnO with (red line) and
without (black line) contaminants displaying the core levels, auger and valence band regions
and high resolution spectra showing (b) Zn2p, (c) Zn Auger and (d) valence band maximum
spectra of ZnO.
Apart from the previously listed out common information that could be obtained
from a typical XPS spectra, when a core level spectrum is identified with a secondary feature
like shoulder or extra peak, this would indicate the change in actual chemical composition
or the presence of adsorbates. For example, the shoulder peak that accompanies the oxygen
(O1s) spectra (as shown in Figure 2.6) is associated to the presence of adsorbates. This kind
of information could be used to distinguish the surface before and after an oxidation or
reduction treatment. For example, in this thesis, ambience exposed ZnO was heat treated
(at 400◦ C) in presence of oxygen. To confirm the removal of contaminants (apart from
confirming the disappearance of carbon (C1s) peak), reduction in the shoulder peak of O1s
spectra, along with an increase in its main peak (Figure 2.6) was considered.
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Figure 2.6: Oxygen (O1s) spectra of ZnO, where heat treated surface (black line) is identified
with a reduced shoulder peak as compared to that of an ambience exposed surface (red line),
along with an increase in intensity of the main line.
For the fitting procedures like difference spectra, intensity area calculation and
deconvolution that are utilized in this thesis, background (that occurs as a result of inelastic
electron scattering) subtraction have been performed. For this process, generally, Shirley [207]
or Tougaard procedure is preferred over the conventional polynomial procedure, in regard
to a physical point of view. Hence, in prior to all the fitting procedures involved in XPS
spectra (discussed in this thesis), Shirley background correction was carried out.
2.2.1.1. Interface experiment procedures
Investigations regarding the interfaces between solids and between solid and liq-
uid (or vapour) are highly interesting for understanding the function of devices and surface
reactivity related to catalysis/photocatalysis processes, respectively. In case of a complete
structure (for interface between solids), analysis of chemical and electronic properties of the
interfaces are not possible, since photoemission is highly surface sensitive (interface prop-
erties in complete structure are buried under successively deposited layers). However, this
could be overcome by studying the fundamental properties of interfaces, i.e, by carrying out
a step-by-step film deposition and systematic photoemission analysis after each deposition
step (The schematic of step-by-step investigation through interface experiment is shown in
Figure 2.7).
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Figure 2.7: A schematic photoemission spectrum (Top left) and its relation to the energy
band diagram (Top middle) of a semiconductor. Interface properties are obtained by
stepwise depositing a contact material (Bottom left) and evaluating the chemical and
electronic information as a function of film thickness (Bottom middle, example of schottky
barrier evolution as a function of film thickness). Right side image shows the determination
of energy band alignment between two semiconductors by photoelectron spectroscopy
(using Kraut method [25]), where experimentally determined quantities are indicated by
asterisks. Adapted from refs [26,27]
An interface experiment usually starts with a clean substrate surface, in our case,
zinc oxide nanorods, which was introduced through the load lock (Figure 2.4), thereby
shifting from ambient pressure to UHV (10-7 - 10-9 mbar) condition. The contact material
(NiO or RuO2) was deposited in several steps until a complete attenuation of the substrate
signal is attained, to investigate the interface properties. Furthermore, as detailed in Section
3.4 and 3.5, ZnO surface without and with surface cleaning was used as the scaffold surface,
for investigating the interfacial properties of NiO/ZnO (oxygen partial pressure during NiO
deposition was also varied as a parameter) and RuO2/ZnO.
For this type of layer-by-layer growth of the contact material, usually the targeted
film thickness is about 5-10 nm, with respect to the inealstic mean free path requirements
(3λ ). As a result, for attaining a complete set of interface properties for the two involved ma-
terials, several deposition steps starting from the sub-monolayer coverage will be required.
For this, XPS spectra of substrate surface was investigated to determine the initial valence
band (VB) (EVB,0(sub)) position and the binding energy difference between core level and VB
(EVBCL,0(sub)). Similarly, after the growth of a relatively thick film (such that substrate signal
is not seen), final VB (EVB,final(film)) position and the binding energy difference between core
level and VB (EVBCL,final(film)) can extracted (as shown in Figure 2.7). On attaining a thick
film, the chemical states of contact film and substrate will not change thereafter and thus
the core level to VBMx distance will become a constant, indicating that core level and VBMx
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changes are occurring in parallel to the increase in film thickness. In fact, the VBMx position
is valid only at the initial and final deposition steps, because, in the intermediate steps there
will be an overlap of the valence band spectrum of contact material and the substrate. With
all these information, one can gain insights into the growth modes of the deposited films,
the chemical interactions at the interface and on the electronic properties (such as Schottky
barrier heights, band discontinuities, shift in Fermi level positions and work function), with
the help of such a systematic interface experiment.
2.2.1.2. Water exposure experiments
Apart from the solid/solid interface as detailed above, solid/liquid (vapour) inter-
faces were also investigated for NiO/ZnO, planar NiO and bare ZnO films. These experi-
ments were carried out to understand the chemical changes (XPS interpretations) occurring
at the surface of the material investigated, as a result of water adsorption. The step by step
procedure for those interface experiments are detailed in Section 5.2. For this interface exper-
iment, initially, the substrate material was inserted through load lock and transferred to the
ALD chamber (Figure 2.4), which is typically involved with Al2O3 deposition. This chamber
is also provided with a closed glass vessel that is filled with distilled water and connected
through an ALD valve (a Swagelok 6LVV-ALD3FR4-P-C valve, pneumatically controlled
with a MAC 34C-ABA-GDFC-1KT controller), which allows the connection between the
vessel (at ambient pressure) and the chamber (UHV). Therefore this chamber was however
here used for carrying out the water vapour exposure step. During the water exposure step,
the ALD valve will be opened for a brief period of time, letting the flow of water vapour (40◦
C), thereby allowing it to condense onto the substrate surface. This procedure is repeated
for several cycles, each with a wait time that allows vacuum recovering in the chamber
(leaving no physisorbed water remains on the substrate/heterostructure surface). In our
experiments, this step was performed with water exposure duration of 0.5 s, for 15 cycles,
with a wait time or pumping down time of 60 s. And the photoelectron measurements
were taken before and water exposure and also after contact material deposition, in case of
heterostructure/liquid interface studies.
When the distilled water in the closed vessel reservoir needs to be refilled, the
following procedure needs to be carried out with a degassing and for the same reason, the
glass vessel was provided with two arms. In order to degas, water stored in one arm needs
to be frozen with liquid nitrogen, followed by opening of the ALD valve for a short period
of time (few seconds), to create vacuum in the reservoir. Furthermore, the other arm has
to be cooled with liquid nitrogen while the arm with frozen water will be heated, to allow
condensation and evaporation, respectively. This will be followed by opening of ALD valve
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for few seconds and the repetition of the whole procedure for four times, to attain a stable
water reservoir.
2.2.2. Photoluminescence (PL)
Photoluminescence is a simple, versatile, and non-destructive technique which is
used for probing the electronic structure of the materials.
Principle
When light is directed onto a sample, photons are absorbed and electronic excita-
tion (as a result of excess energy) occurs. This excess energy can be dissipated by the sample
through the emission of light, or in other words, luminescence (photoluminescence). Photo-
excitation will cause electrons within a material to get excited into their allowed excited
states. On relaxation, these electrons will return to their equilibrium (or ground) states,
resulting into the release of excess energy in the form of light emission or in the form
of vibrations/phonons that result into a radiative or non-radiative process, respectively
(Figure 2.8) [28]. The energy of the emitted light (photoluminescence) is typically based on
the difference in energy levels between the two electron states (process of transition between
the excited state and the equilibrium state).
Figure 2.8: Radiative recombination paths: (a) band-to- band; (b) donor to valence band;
(c) conduction band to acceptor and (d) Nonradiative recombination via an intermediate
state. [28]
Further detailed characterization about the underlying electronic states and bands
can be done by applying external parameters like temperature and applied voltage to the
samples. In addition to the quantitative information (about amount of light emitted and its
relation to the relative contribution of the radiative process), the intensity of the PL signal
also provides information regarding the quality of surfaces and interfaces, which is useful
when analysing the behaviour of photocatalysts upon light irradiation. Moreover, PL is
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claimed to be sensitive to oxygen vacancies (especially for oxides like ZnO) but the peak
assignments are still a subject of debate (for ZnO). Despite the controversies, PL analysis has
shown interesting revelations about the process of inducing or filling of oxygen vacancies
owing to the temperature and atmosphere conditions involved during the post processing
treatments. The ordinary RT-PL work has the instrumentation that includes an optical
source and an optical power meter or a spectrophotometer (a typical setup is shown in
Figure 2.9).
Figure 2.9: Typical experimental set-up for PL measurements. [28]
The information that could be extracted using RT-PL spectra and its relation to the
material’s optical properties are listed below:
i) Peak shifts - can be red or blue shift depending on whether the shift is towards higher
or lower wavelength. In general, red shift is associated to an increase in crystallite
size and the reverse for blue shift, commonly identified as the impact from change in
quantum confinement effect in the material.
ii) Peak broadening - increase or decrease in the full width half maximum (FWHM) of
the peak is often related to the quality of interface when a combination of two ma-
terials (like heterostructures) is analysed. Broadening is attributed to the increase in
interface fluctuations, while narrowing is related to its decrease (meaning high quality
interface) [28].
iii) Intensity - the intensity of the peaks could be used to deduce the ratio between shallow
and deep level defects. PL is a dominant tool in identifying the presence of defect
levels in the examined material, and the emissions that occur in the range of 300 -
800 nm are categorized into distinctive regions like UV, blue, green, orange and red
emissions [17,157,208]. Among them the two broadly classified regions are called the near
band edge emission (NBE, 380 - 400 nm) and the deep level emission (DLE, 450 - 800
nm). By comparing the ratio of intensity area of these two peaks, one can understand
the role played by defects and control their influence by varying the material prepara-
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tion parameters.
In this thesis, the intensity ratios were calculated by deconvoluting the spectra into distinc-
tive regions and then obtaining the corresponding area (for NBE [INBE], DLE [IDLE] and total
[ITotal] regions of the spectra) below the deconvoluted peaks (using a data analysis software,
IgorPro) in PL spectra. An example deconvoluted photoluminescence spectra of NiO/ZnO
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Figure 2.10: Example of deconvolution of the photoluminescence spectra of NiO/ZnO
heterostrcuture. Green dotted line represents the raw data, blue line displaying the fit data,
black line (Peak I, near band edge emission), magenta lines (Peak II - IV, deep level emission)
are the deconvoluted lines.
The DLE peak area is obtained by subtracting the area of NBE peak from the total
(fitted) area of the spectrum. Moreover, in order to compare the amount of defect levels
present in scaffold films (ZnO) and heterostructures, the ratio calculation was done (for
the heterostrcutures) by using the total area of their respective scaffold films (cleaned or
uncleaned scaffold).
In our study, PL emission spectra of ZNR, NiO/ZnO and RuO2/ZnO films (exam-
ined area = 2cm × 2cm) were acquired using a Varian Cary Eclipse, Fluorescence Spec-
trophotometer equipped with a Xenon flash lamp, which was operated at an excitation
wavelength of 325 nm, while emissions were recorded in the range of 300-850 nm. All
measurements were done at room temperature.
The other characterization techniques used to analyse the samples of investigation
and the Pollutant degradation experiment procedures are detailed in the Appendix.
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Chapter 3
Influence of surface cleaning in the
interface analysis of NiO/ZnO and
RuO2/ZnO heterostructures
3.1. Experimental strategy
A typical photocatalytic process involves three vital charge kinetics steps as fol-
lows: i) charge carrier generation, ii) effective charge separation and transfer and iii) effec-
tive charge consumption [58]. They are often considered to be interdependent with each other
and compromising any of these steps will result in slower performance in kinetics, thereby
affecting the efficiency. These three processes are more effective when heterostructures are
used. However, the complexity involved in deciphering the charge transfer mechanism
increases (as compared to scaffold), while the comprehension of the charge transfer and
separation mechanism is vital. Therefore, one needs to pay closer attention to the overall
structure engineering (surface and interface and energy band) of the photocatalyst while
designing it [14].
In this chapter, with the aid of step-by-step in-situ XPS analysis, the suitability of
NiOand RuO2 as second material, in building heterostructured with ZnO is investigated.
Both NiO and RuO2 are considered as good co-catalysts due to their excellent electrical and
optical properties. NiO is a wide bandgap semiconductor that can act as a hole transport
layer and joining it with ZnO will lead to the formation of a p-n heterojunction with an
internal electric field developed at the interface [209,210]. RuO2 is a transition metal oxide,
exhibiting metallic behaviour owing to its partially filled metal-oxygen band and hence,
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RuO2/ZnO leads to a metal/n-type heterojunction [115]. While NiO/ZnO heterostructures
were already studied for photocatalytic applications, RuO2/ZnO were reported only re-
cently [115].
Chemically prepared ZnO is known to have oxygen vacancies, which will alter the
interfacial properties significantly [211]. In order to improve the interface with the second
material and the charge separation, the ZNR surface was heat treated in presence of oxygen.
Such treatments are believed to be helpful in filling the oxygen vacancies and also in remov-
ing the adsorbates and impurities [155]. The interface studies in the presence and absence
of adsorbates (surface cleaned ZNR) allow exploring the influence of surface states on the
achieved band alignment, which was not yet explored before for NiO/ZnO and RuO2/ZnO.
3.2. Optimization of ZNR scaffold
There are several techniques like vapor-liquid-solid (VLS) growth, vapor-solid (VS)
growth, physical vapor deposition (PVD) or chemical vapor deposition (CVD) available
for the growth of one dimensional (1D) ZnO nanorods. However, these techniques rely
on expensive equipments and high temperature operations (up to 900 ◦C) leading to high
production costs and non-compatibility with certain substrates. The hydrothermal method
is known for its mild operating conditions, easy implementation and is considered a good
alternative for obtaining aligned nanostructures like ZNR [104]. In order to control the width
of the nanorods and their packing density, we have approached three routes, from which
the optimized ZNR scaffold was chosen.
a) ZNR - without seed layer
b) ZNR - with seed layer, from 5 mM solution (detailed below, in seeding layer prepara-
tion step) exposure
c) ZNR - with seed layer, from 250 mM solution exposure
All the ZNR samples were grown on FTO glass substrates purchased from Dyesol (15Ω/sq.).
Before use, the substrates were cleaned for 15 minutes (min) each with acetone and then
ethanol, by using an ultrasound bath.
Step 1: Seeding layer preparation: 0.68 g of zinc acetate dihydrate (Sigma Aldrich,
≥99%) and 225 mL of the stabilizing agent, ethanolamine (Sigma Aldrich, ≥99.5%) were
added to 15 mL ethanol (VWR, ≥99.8%), to result in 250 mM solution. This mixture was
stirred at 60 ◦C for an hour to attain a homogenenous solution. Stirring was continued
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further at room temperature (RT), for 24 hours. Then 500 µL of the homogeneous solution
were spin coated on FTO substrates at 3000 rpm, for 20 seconds(s) and the relative humidity
(RH) was maintained at 35% during the coating process. This process was repeated 5 times,
to ensure complete coverage of the substrate with seeds. Seeded substrates were annealed
at 500 ◦C for 2 hours(h) (ramp = 300 ◦C/h).
Step 2: Nanorod growth: 0.072 g of zinc nitrate hexahydrate (Sigma Aldrich, ≥99%) and
0.052 g of hexamethylenetetramine (Sigma Aldrich, ≥99.5%) were added to 15 mL of milliQ
water and stirred until a homogeneous solution was obtained, which was later transferred
to a Teflon lined autoclave. The seeded substrate was immersed in the solution in a tilted
position, with the coating facing downward. The hydrothermal process was carried out in
an oven at 92 ◦C, for 1 hour. Afterwards the sample was washed with distilled water, dried
in oven at 60 ◦C for 30 min and finally calcined at 500 ◦C for 2 h.
The schematic of the proposed routes and the resultant structures are represented
in Figure 3.1, based on the observations from SEM images (Figure 3.2). The densely packed
ZNR were further used.
Figure 3.1: Schematic representation of the ZNR film growth optimization.
(a) (b) (c)
Figure 3.2: SEM image of ZNR film (a) without seed layer, (b) with 5 mM seed layer and (c)
with 250 mM seed layer.
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Very wide nanorods with low packing density (Figure 3.2a), medium packed nanorods
(Figure 3.2b) and densely packed aligned nanorods [corresponding to an average aspect
ratio of 5] (Figure 3.2c) were hydrothermally grown as function of the seeding layer concen-
tration.
For further optimization of the desired surface to form the heterostructure, a post-
processing method like heat treatment was used and both surfaces were compared in all
studies reported in this thesis.
The crystallinity and orientation of the hydrothermally grown ZNR were confirmed
by X-Ray diffraction (Figure 3.3). The (002) peak corresponding to the wurtzite phase of
ZNR (JCPDS card no. 79 - 2205) at 2Θ = 34.50◦ was observed in all the films but with varying
intensities based on the concentration of the seeding layer solution, confirming the growth
along the c-axis. The intensity of (002) plane was increased with increasing seeding layer
precursor concentration and the seed layer made with 250 mM solution showed the highest.
This means that in comparison, ZNR prepared from the high concentration achieved more
dense and aligned nanostructure than others. And it clearly demonstrates that the growth
of ZnO nanorods has taken place along c-axis, confirming the one-dimensional structure
growth as desired. Moreover, XRD results are in good agreement with the SEM observa-
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Figure 3.3: XRD spectra of ZNR film.
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3.3. Sample description
The ex-situ - ZNR surface, as prepared from hydrothermal growth, is expected
to have adsorbates/impurities like hydroxides and carbon due to the exposure to ambient
conditions. This surface was named Z1 throughout the thesis.
In-situ - heat treatment is used as a surface cleaning technique to remove the ad-
sorbates and impurities. The heat treatment was carried out in Ultra High Vacuum (UHV)
in the sputtering chamber, in a controlled and static oxygenated atmosphere (Pressure (PTot)
- 0.5 Pa, Oxygen flow - 5 sccm, Temperature (T) - 400◦ C, Time - 1 h). This cleaned surface is
denominated as Z2.
Both Z1 and Z2 were used as scaffolds for performing the interface studies with
NiO and RuO2. NiO was deposited step-wise at 40 W power (P) with other parameters
as Pressure (PTot) = 0.5 Pa, Temperature (T) = Room temperature (RT) and substrates to
target distance (Dst) = 8 cm. The oxygen partial pressure PO2 was varied as 6 and 20%
leading to a deposition rate of 15 nm/min and 1.5 nm/min respectively [deposition rates
were estimated from thickness observations by profilometer]. And the XPS measurements
were done initially on the scaffold and then after each step of NiO deposition. In order to
avoid the complete attenuation of scaffold material signal, the number of steps and time of
deposition was varied, as a function of the type of scaffold used and PO2 used during the
NiO deposition. Based on the parameters employed, the samples were denoted as follows:
a) Z1N6% - for PO2 = 6% (O2 - 1.2 sccm and Ar - 18.8 sccm), Deposition time - 0 to 24
seconds (4 steps)
b) Z2N6% - for PO2 = 6% (O2 - 1.2 sccm and Ar - 18.8 sccm), Deposition time - 0 to 48
seconds (5 steps)
c) Z2N20% - for PO2 = 20% (O2 - 4 sccm and Ar - 16 sccm), Deposition time - 0 to 160
seconds (4 steps)
Concurrently, stepwise deposition of RuO2 was carried out by DC sputtering under the
following parameters:
PTot = 1 Pa, P = 10 W, Dst = 9.4 cm, Deposition rate = 3 nm/min, Argon flow (Ar) = 9.25 sccm,
Oxygen flow (O2) = 0.75 sccm, T = RT and Time = 320 s (Z1), 640 s (Z2).
RuO2 deposited on Z1 and Z2 are denoted as Z1R and Z2R respectively. Again, XPS mea-
surements were done initially on the scaffolds (Z1 and Z2) and then after each step of RuO2
deposition (relative to each scaffold). As described in ZnO/NiO deposition, here as well,
deposition time is varied based on the variation in the ZNR surfaces, such as to avoid
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complete attenuation of the signal from the scaffold material.
3.4. Interface analysis of the NiO/ZnO heterostructure
Figure 3.4 shows the corresponding survey spectra of Z1N6%, Z2N6% and Z2N20%,
recorded after each step of the analysis. The survey scan of the scaffolds Z1 and Z2 at the
initial step showed the presence of Zn and O, while all the following steps after the NiO
deposition confirmed, in addition, the presence of Ni [115,212,213]. Any peaks other than those
characteristic to ZnO and NiO were not detected, except for Z1, for which C1s was detected.
The C1s disappeared after the surface cleaning (Figure 3.4d, sample Z2), confirming that
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Figure 3.4: Survey spectra of (a) Z1N6%, (b) Z2N6% and (c) Z2N20%. C1s spectra of Z1 and
Z2 scaffolds (d).
The Zn2p, Ni2p and O1s core levels are represented as function of deposition time
in Figure 3.5. The Zn2p emission line is usually observed as two symmetrical peaks centered
at ' 1021 eV and ' 1044.5 eV, due to the Zn2p3/2 and Zn2p1/2 core level states of Zinc [115].
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Figure 3.5: Spectra of Zn, Ni and O emission lines for Z1N6% (a-c), Z2N6% (d-f) and
Z2N20% (g-i), respectively.
At the initial step, the core level of Zn2p3/2 was observed at 1022.33 eV for Z1N6%
(Figure 3.5a, Table 3.1) and at 1021.86 eV for Z2N6% (Figure 3.5d, Table 3.1). This shift is
attributed to the process of surface cleaning and could be correlated to the disappearance
of the C1s peak in Z2 [214]. Figures 3.5a, 3.5d and 3.5g shows that under all conditions, the
intensities were reduced with increasing NiO thickness. But no significant changes were
observed in their line shape, apart from an inconsistent line width broadening, which might
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be due to the interface study conditions involved.
Table 3.1: Zn2p, O1s, Ni2p3/2, Ni2pSat and VBMx binding energies deduced from the XPS
spectrum. Subscripts accompanying the sample code represent the NiO deposition time.






EF - VBMx (eV)
Z1N6%0s 1022.33 531.05 - - 3.46
Without Z1N6%3s 1021.75 530.53 855.50 861.59 2.88
surface Z1N6%6s 1021.45 530.04 854.45 861.27 2.58
cleaning
(Z1)
Z1N6%12s 1021.36 529.57 854.14 861.12 2.49
Z1N6%24s 1021.33 529.47 853.95 861.10 2.46
Z2N6%0s 1021.86 530.66 - - 3.06
Z2N6%3s 1021.32 530.20 855.47 861.16 2.52
Surface Z2N6%6s 1021.21 529.97 855.15 861.10 2.41
cleaned
(Z2)
Z2N6%12s 1021.09 529.63 854.20 861.05 2.29
Z2N6%24s 1021.05 529.51 853.90 861.02 2.25
Z2N6%48s 1020.97 529.43 853.86 861.02 2.22
Z2N20%0s 1021.87 530.65 - - 3.10
Surface Z2N20%20s 1021.13 529.95 855.32 861.30 2.44
cleaned
(Z2)
Z2N20%40s 1020.70 529.43 854.68 861.20 2.01
Z2N20%80s 1020.66 529.36 854.23 861.06 1.97
Z2N20%160s 1020.61 529.26 853.93 861.03 1.92
The multiplet split of the Nip [29,212,213] line was identified with a major peak at ' 853.9
eV (Figures 3.5b, 3.5e and 3.5h, Table 3.1), irrespective of the NiO thickness after the final
deposition step. This emission line could be attributed to the Ni2+ state and the multiplet
peak was assisted with a satellite peak centered at ' 861.1 eV (Figures 3.5b, 3.5e and 3.5h,
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Table 3.1). While the intensities of the Ni2p emission line were seen to be increasing with
each step of NiO deposition, its line shape was changing gradually and systematically.
The sample Z1N20%, where the thickness after the final step was ' 4 nm (es-
timation of thickness is based on the deposition rate), exhibited an entangled multiplet
(Figure 3.5h). Concurrently, the Ni2p emission lines at the final step for Z1N6% and Z2N6%,
whose thickness were ' 6 nm and ' 12 nm respectively, displayed a well resolved multi-
plet (Figures 3.5b and 3.5e, respectively). This systematic changes are ascribed to the PO2
involved and also the thickness attained at the final step of analysis.
As shown in Figures 3.5c, 3.5f and 3.5i, the O1s core level lines were observed
initially at 531.04 eV for Z1N6% and at 530.6 eV for Z2N6% (Table 3.1), both accompanied
by a shoulder that correspond to the surface hydroxyls. The shift towards lower BE of the
Z2N6% O1s emission line is the result of two effects, the increasing NiO layer thickness and
the surface cleaning.
All the core level lines (Zn2p, Ni2p and O1s, Figure 3.5) and the VBMx (Figure 3.6)
were seen to be shifting towards the lower BE, as a function of NiO deposition. This shift
indicates the charge transfer between the materials (ZnO and NiO) and thereby the super-
position of contact formation and variation in chemical environment [177,213,215].
Given that the withdrawal or addition of valence electrons occurs as a result of
changes in chemical bonding of the environment, such changes can be observed as chemical
shifts in XPS. The BE shifts observed here due to the charge transfer, are due to the space
charge layer formation at the interface of NiO/ZnO.
The VBMx at each step was determined by the extrapolation method where the
BE of valence band onset intersects the background. The EF - VBMx difference at initial
step was determined to be 3.46 eV for Z1N6% (Figure 3.6a) and 3.06 ± 0.05 eV for Z2N6%
(Figures 3.6b and 3.6c), in Table 3.1, revealing its n-type behaviour. At the same time, EF
- VBMx values of 0.74 eV and 0.61 ± 0.03 eV were extracted for NiO on the Z1 and Z2
scaffolds respectively, affirming its p-type characteristics. The gradual changes in the EF -
VBMx values of Z1N6%, Z2N6% and Z2N20%, as a function of deposition time (Figures 3.6d
and 3.6e) were plotted to emphasize the role of surface states or defects in the interface. The
obtained plots evidence that the VBMx position was lowered rapidly with the progress in
deposition steps and at higher steps, saturated after 20(40) s for the Z1(Z2)N6% and after 80
s for Z2N20% [211].
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Figure 3.6: Spectra of VBMx for (a) Z1N6%, (b) Z2N6% and (c) Z2N20% and mapping of
EF-VBMx Vs Deposition Time for (d) Z1N6%, Z2N6% and (e) Z2N20%.
To further elucidate the existence of underlying components, the Ni2p and O1s
(deconvoluted,Figure 3.7) core level lines were examined. As mentioned earlier, Ni2p ex-
hibited a broader spectrum during the initial steps which evolved into either an entangled
multiplet [Z2N20%] or a well characterized multiplet [Z1N6% and Z2N6%] after the final
step. Therefore, only the Ni2p spectral line after the final step (Figures 3.5b, 3.5e and 3.5h)
was studied in all cases. They revealed the presence of the typical NiO spectra as seen in the
spectra of Figures 3.5b and 3.5e at final deposition step (similar to the example presented in
Figure 3.7a, from the report of Biesinger et al. [29]) that comprised of three peaks: the main
peak at ' 853.9 eV attributed to Ni2+, the shoulder peak at higher BE '855.5 eV, due to the
presence of Ni(OH)2 or NiOOH and the third one situated at' 861.1 eV corresponding to the
satellite, (NiSat, Figure 3.7b). At lower coverage (in Figures 3.5b, 3.5e and 3.5h) and as seen in
the spectrum of Figure 3.7b, there are evidently additional contributions of either Ni(OH)2
or NiOOH, which lead to an increased contribution of the shoulder line at BE '855.5 eV.
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Figure 3.7: Example of Ni2p spectra from Biesinger et al. [29] (a) and the spectra of Ni2p at
160s for Z2N20% (b); Deconvolution spectra of O1s at 0 s and 24 s (c and d), 0 s and 48
s (e and f) and 0 s and 48 s (g and h) deposition time, for Z1N6%, Z2N6% and Z2N20%
respectively.
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In case of O1s core level lines, the deconvolution was performed at the first and
final step, in order to better understand the evolution. In all cases, the deconvolution of O1s
at both steps displayed the contribution of two components oxygen in the lattice (OL) and
surface hydroxyls (OOH) [115,177]. As a scaffold, for Z1N6%, OL and OOH were centered at
531.04 eV and 532.47 eV respectively, whereas for Z2N6% and Z2N20%, the corresponding
peaks were centered at ' 530.6 eV and ' 531.9 eV (Figures 3.7c, 3.7e and 3.7g respectively,
Table 3.2). And the OL here is attributed to Zn-O bonding.
Table 3.2: Binding energy values of the deconvoluted O1s (OL of Zn-O, OL of Ni-O and OOH)
and Ni2p (Ni2+ and NiSat) peaks for the initial and final steps of analysis and the OOH/OL
ratio at the final step, deduced from XPS spectrum (Deconvolution of the spectra was done
using IgroPro software, after Shirley background subtraction). Subscripts accompanying the
sample codes represent the NiO deposition time.
Sample Code
OL of Zn-O /
OL of Ni-O BE
(eV)
OOH BE (eV) OOH/OL Ni2+ BE (eV) NiSat BE (eV)
Z1N6%0s 531.04 / - 532.47 - - -
Z1N6%24s - / 529.47 531.00 0.20 853.95 861.10
Z2N6%0s 530.66 / - 531.90 - - -
Z2N6%48s - / 529.43 530.80 0.18 853.86 861.02
Z2N20%0s 530.65 / - 531.99 - - -
Z2N20%160s - / 529.26 530.87 0.28 853.93 861.03
At the final step, OL and OOH were observed in the range of 529.26 - 529.47 eV and 530.8
- 531 eV respectively (Figures 3.7d, 3.7f and 3.7h), where the OL here is related to Ni-O
bonding [177,213,215]. Given that the OOH that occurs after interface formation is situated in
the same region as that of OL corresponding to Zn-O, OOH and OL of Zn-O are expected to
be overlapped.
It is important to note the broadening in the OL peak of Ni-O (FWHM = 1.2 eV), for
Z2N20% than the other counterparts [Z1N6% and Z2N6% - FWHM = 1.07 eV]. This could be
due to the lower thickness of the NiO layer and hence the incomplete growth. In addition,
the difference noticed in the OOH/OL ratio (' 0.20 for Z1N6% and Z2N6%; and 0.28 for
Z2N20%, Table 3.2) could be correlated to the different PO2 used during the NiO deposition.
Also due to the lower NiO thickness (' 4 nm) where the probability of realising OL from
Zn-O is higher for the Z2N20% sample.
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Overall, the BE shifts in the Zn2p line for samples Z1N6%, Z2N6% and Z2N20%
was accordingly deduced [0.5 eV is added to the BE shifts in Zn2p line of Z2 heterostruc-
tures, with respect to the shift of Zn2p peak in Z2 (as a result of heating step) as compared
to that of Z1 scaffold, which is a reference material] as 1, 1.39 and 1.76 eV, respectively.
This shows that the attained band bending is controlled by the PO2 , but also by the surface
cleaning [211]. These shifts were almost consistent with those of the VBMx position.
Band alignment characteristics - NiO/ZnO
All these information extracted from the photoemission spectra were used to derive
the band energy profile at the interface of NiO/ZnO. By extracting the values of core level
binding energies and distance between fermi level and valence band maximum for each
material through the XPS measurements, we were able to determine the band bending in
the film and the valence band offset. The band bending (Vbb) is given by either the shift in
the VBMx of the substrate or the scaffold [here, ZnO], from initial (i) to final (f) step (VBMx(f)
- VBMx(i)) or by the shift of the core level line (4BECL(f) - 4BECL(i)), as given in equation
3.1 [25,177,211], assuming that the energy difference between core level and VBMx is constant.
V bb o f f ilm =4BECL( f )−4BECL(i) (3.1)
The valence band offset4 EVB was calculated using equation 3.2 [25,177,211], by implementing
the values of difference in the core level binding energies of Zn2p3/2 and Ni2p3/2,4 BECL at
the interface and the difference in the core level binding energies of Zn2p3/2 and Ni2p3/2 in
relative to their respective valence band maxima VBMx (BEZn2p3/2-VBMx and BENi2p3/2-VBMx).
4EVB = BENi2p3/2-VBMx−BEZn2p3/2-VBMx +4BECL (3.2)
For this band alignment, we have chosen the BE difference of ZnO vs NiO after the first
deposition steps, assuming that no band bending has been induced at this stage. Further-
more, the conduction band offset 4 ECB was obtained by using the values of 4 EVB and
the bandgaps of the scaffold (Eg ZnO = 3.37eV) and contact (Eg NiO = 3.7eV) materials, as
shown in equation 3.3 [25,177,211].
4ECB = EgNiO+4EVB−EgZnO (3.3)
95 of 232
3 | CHAPTER 3. INFLUENCE OF SURFACE CLEANING IN THE INTERFACE
ANALYSIS OF NIO/ZNO AND RUO2/ZNO HETEROSTRUCTURES
Consequently, the band energy structure before contact and band bending after re-
alising the interface formation were proposed for each interface study conditions, as shown
in Figures 3.8 and 3.9. The Vbb (calculated according to equation3.1) are noted on the
figures. All of them exhibited the type II staggered band alignment. The determined values
of valence band offsets were in the range of '1.2 - 1.7 eV, while that of conduction band
offsets were found to be '1.5 - 2 eV. The theoretical estimation of the valence band offset for
the NiO/ZnO interface was reported to be 0.94 eV, lower than the experimentally obtained
values, 1.47 eV [215]. In comparison to theoretical observations, values from all our studies
were higher. And in relation to the previous experimental results, our values were either
lower or higher, except for Z2N20%. However, valence band offset values reported by
Ma et al. [215] has explained the discrepancies in the valence band offset values through
the polarization effect and reported a value of 1.3 eV for polar ZnO. Though this value is
close to our observation of 1.21 eV (Figure 3.9d) for Z2N20%, values of Z1N6% (1.72 eV,
Figure 3.8b and Z2N6% (1.56 eV, Figure 3.9b) were higher. After the final NiO deposition
step, the obtained band bending values were 1.00, 1.39 and 1.76 eV for the Z1N6%, Z2N6%
and Z2N20% heterostructures. Our studies reveal that apart from polarization effect, other
parameters like surface cleaning and PO2 were influencing the band bending and band
discontinuities. Therefore, these discrepancies highlight the importance of studying the role
of adsorbates in interface formation and their possible influence on the functional properties.
(a)
(b)
Figure 3.8: Band alignment and band bending at the interface of Z1N6% heterostructure,
before (a) and after (b) contact. For details, refer to the text.
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Figure 3.9: Band alignment and band bending at the interface of Z2N6% and Z2N20%
heterostructures, before (a and c) and after (b and d) contact. For details, refer to the text.
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3.5. Interface analysis of the RuO2/ZnO heterostructure -
Influence of surface cleaning
The elemental and chemical states of scaffold ZNR (Z1 and Z2) and heterostruc-
tured ZnO/RuO2 were analysed using XPS measurements. All the peaks observed in Fig-
ure 3.10, could be attributed to Zn, O and Ru in ZnO and RuO2 [115,216,217], except for Z1
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Figure 3.10: Survey spectra of Z1R and Z2R heterostructures.
The step-by-step evolution of individual peaks Zn2p, Ru3d, O1s and VBMx for
both Z1R and Z2R after each step of RuO2 deposition are represented in Figures 3.11 and 3.12.
All the core level lines of both Z1R and Z2R shifted towards lower BE with increasing RuO2
coverage. The intensity of the Zn2p emission decreased while that of Ru3d was increasing,
with each step of deposition. Concurrently, the intensity of O1s line was decreasing at the
first several steps, but increased at longer deposition time. This could be attributed to the
fact that it has a contribution from both ZnO and RuO2.
The Zn2p emission line was observed at 1022.19 eV for Z1R0s (Figure 3.11a and
Table 3.3) and shifted towards lower binding energy [1021.80 eV] (Z2R0s, Figure 3.11d and
Table 3.3) after surface cleaning. The presence of C1s emission, observed around 284 eV for
the Z1R heterostructure, is expected to overlap with the Ru3d3/2 core level (and also with
its satellite peak at 287.52 eV) situated at ' 285.41 eV (Figure 3.11b and Table 3.3) [115]. This
makes it difficult to distinguish them from each other. However, the removal of carbon by
surface cleaning was confirmed for sample Z2 and this overlap should be avoided in case of
Z2R (Figure 3.11e).
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Figure 3.11: Individual spectra of Zn, Ru and O respectively, for Z1R
The evolution of VBMx as a function of deposition time, for samples Z1R and Z2R
are illustrated in Figure 3.12a and Figure 3.12b, respectively. The plot of EF - VBMx values
vs deposition time is shown in Figure 3.12c. As observed for NiO/ZnO heterostructure,
here as well, the VBMx shift was rapidly decreasing after the initial steps, and saturated
after 320 s and 640 s for Z1R and Z2R, respectively. This clearly demonstrates that in case of
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Figure 3.12: Spectra of VBMx (a and b) and EF-VBMx Vs Deposition Time (c) for Z1R and
Z2R.
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Table 3.3: Zn2p, O1s and Ru3d5/2 binding energies and valence band maximum (VBMx)
values as a function of step by step deposition of RuO2. Subscripts accompanying the
sample codes represent the deposition time for RuO2.






EF - VBMx (eV)
Z1R0s 1022.19 531.02 - - 3.44
Z1R10s 1021.39 530.35 281.97 - 2.64
Without Z1R20s 1021.15 530.06 281.77 - 2.40
surface Z1R40s 1021.04 529.90 281.52 - 2.29
cleaning
(Z1)
Z1R80s 1020.97 529.68 281.39 - 2.22
Z1R160s 1020.94 529.55 281.30 - 2.19
Z1R320s 1020.93 529.43 281.23 - 2.18
Z2R0s 1021.80 530.68 - - 3.14
Z2R10s 1021.31 530.23 284.16 - 2.64
Z2R20s 1021.18 530.09 282.97 - 2.51
Surface Z2R40s 1021.08 529.97 281.65 - 2.41
cleaned
(Z2)
Z2R80s 1021.02 529.84 281.51 - 2.35
Z2R160s 1020.99 529.73 281.39 - 2.32
Z2R320s 1020.99 529.53 281.27 - 2.32
Z2R640s 1020.97 529.38 281.15 - 2.30
Though the line shape of Zn2p was not changing with deposition time, those of Ru3d
and O1s were changing gradually. During the initial deposition steps, the Ru3d emission
appeared to be a broader spectra at higher BE but changed into a sharp and well resolved
spectral line that shifted to lower BE with higher RuO2 coverage. Similarly, the O1s spectra,
the line shape changed with the growth of RuO2. All these shifts, the change in intensities
and line shapes, indicate the evolution and growth of RuO2 on the ZNR scaffolds Z1 and
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Z2.
The Ru3d and O1s core levels were deconvoluted (using IgorPro software), after
performing a shirley background subtraction. In case of both Z1R320s and Z2R640s (Fig-
ure 3.13), the Ru3d3/2 [' 285.3 eV] and Ru3d5/2 [' 281.1 eV] contributions were identified,
each of them being accompanied by a satellite peak, at +2 eV and +1.35 eV vs. the respective
major peaks, respectively [122,217] (Figures 3.13a and 3.14a). These major peaks confirm the
formation of RuO2 and could be assigned to the Ru4+ state [122,216,218]. The realisation of
satellite peaks for Ru3d are sometimes considered controversial due to the possibility of the
occurrence of mixed oxidation states. However, as reported by Kim et al. [216] and Over et
al. [219], the satellite peaks could also be attributed to core-hole screening or RuO2 plasmon,







































































































Figure 3.13: Deconvoluted Spectra of Ru3d (at final step (a and d)) and O1s at initial (b and
e) and final (c and f) deposition steps, for samples Z1R and Z2R, respectively.
The deconvolution of the O1s peak at first step (Z1R0s and Z2R0s), revealed the
contribution of two components, the lattice oxygen (OL) of ZnO (Zn-O centered at 530.99
eV and 530.68 eV, respectively) and surface hydroxyls (OOH) centered at 532.35 eV and
531.96 eV, respectively, as shown in Figures 3.13b and 3.13e. But after the final step of
RuO2 deposition, a third contribution was identified, the OL of RuO2 (Ru-O)(Figures 3.13c
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and 3.13f). This reaffirms the contribution from both ZnO and RuO2 in the oxygen peaks at
higher deposition times [115].
Band alignment characteristics - RuO2/ZnO
The shifts in the Zn2p and VBMx lines were used to draw the band alignment
structure and evaluate the band bending at the RuO2/ZnO interface for heterostructures
comprising the pristine (Z1) and cleaned (Z2) scaffold (Figures 3.14 and 3.15). The shifts
in the Zn2p are calculated according to equation 3.1 in Section 3.4 and correspond to the
amount of Vbb that has occurred at the interface.
(a) Band alignment - before contact (b) Band bending - after contact
Figure 3.14: Band alignment and band bending at the interface of Z1R.
The shift in Zn2p from initial to final step of RuO2 deposition, resulted in a Vbb of
1.26 eV for Z1R and 0.83 eV for Z2R. The shift in O1s spectra from initial to the final step
was found to be 1.56 eV and 1.3 eV for Z1R and Z2R, respectively. These shifts are higher as
compared to the shifts of Zn2p and it might be due to the contribution from both ZnO and
RuO2. This coincides with the previous observations from the change in line shape of O1s
and the presence of both Zn-O and Ru-O contributions in the deconvoluted components.
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(a) Band alignment - before contact (b) Band bending - after contact
Figure 3.15: Band alignment and band bending at interface of Z2R
The shift in values of VBMx, from 3.44 eV (initial step) to 2.18 eV (final step) for
Z1R and from 3.14 eV (initial step) to 2.3 eV (final step) for Z2R, suggest that both ex-situ
and in-situ ZNR are n-type semiconductor. And the overall shifts, identified as 1.26 eV and
0.84 eV for Z1R and Z2R respectively, were consistent with the shifts observed for Zn2p
core levels. Accordingly, the above proposed band diagrams show a a well developed band
bending at the RuO2/ZnO interface, with a higher Vbb value for the Z2R heterostructures as
a consequence of surface cleaning.
3.6. Conclusion
The interface studies of NiO/ZnO and RuO2/ZnO were carried out by by step-by-
step deposition of the co-catalyst on the pristine (Z1) and cleaned (Z2) scaffolds followed
by in-situ XPS analysis. Surface cleaning enabled changes in the doping level of Z1 from
n+ to n- for Z2, lowering the relative Fermi level positions from above conduction band
(CB) to below CB and this effect was examined for its influence on the interfacial properties.
In addition, for the Z2 scaffold the PO2 for the NiO deposition was varied as 6 and 20%.
All the core level lines and the VBMx lines shifted towards lower binding energy (BE),
from the first step to the final deposition step for both NiO/ZnO and RuO2/ZnO interfaces,
highlighting the change in the chemical environment and the interface formation along with
band bending. The line shape of Zn2p did not show any changes in contact with NiO or
RuO2. However, the line shape of O1s was changing only for the RuO2/ZnO interface,
due to the contribution from both Zn-O and Ru-O. In case of NiO/ZnO, OL of Zn-O was
overlapping with the binding region of surface hydroxyls. The Ni2p and Ru3d line shapes
were broader and entangled during the first several steps of deposition, but shifted towards
lower BE with a well characterized spectra at the final step. This was attributed to the step-
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wise growth.
In case of NiO/ZnO, the magnitude of band bending was governed by the involved
oxygen partial pressure but also by the presence/absence of adsorbates. The RuO2/ZnO
interface also experienced the same variation as function of surface cleaning. For both types
of interfaces, the heterostructures with cleaned ZNR scaffold surface (Z2) attained higher
Vbb values (Z1N6% - 1 eV, Z2N6% - 1.39 eV and Z1R - 1.26 eV, Z2R - 1.33 eV). Moreover, in
case of NiO/ZnO, the interface grown at higher PO2 , attained a higher band bending of 1.76
eV, revealing two competing effects: oxygen vacancy filling or compensation by incoming
oxygen and lowering of EF in NiO. Overall, the interface studies confirmed that both the
co-catalyst materials NiO and RuO2, are suitable for building heterostructures with ZnO,
proving a well developed band bending.
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p type-n type NiO/ZnO heterostructured
thin films
4.1. Influence of system base pressure during surface
cleaning
4.1.1. Experimental strategy
Semiconducting Transition Metal Oxides (STMOs) are of profound interest to ma-
terial scientists and chemists involved in photocatalysis research, due to their capacity to
form electron hole pairs when exposed to light irradiation which increase their surface
reactivity [56,125,220,221]. For this reason, comprehensive and complex studies to understand
their high reactivity towards the environment are required [58,222]. Metal oxides can easily
accommodate defects or vacancies which are known to influence the electrical and optical
properties of the material [149,223]. Likewise, defects can have both a positive (increasing
charge carrier density that would act as donors) and a negative effect (providing trap sites
that will act as recombination centres) on the material’s performance [167]. Hence, in spite of
the complexity involved, it is essential to attain a fine control over the vacancies that drive
the functioning of metal oxides [223], evenmore because they affect the interface properties in
heterostructures [224].
Over the years, both experimental and computational strategies have been widely
investigated to attain the basic understanding in such surface related properties and reac-
tions, especially in relation to photocatalytic materials [225–227]. The aim of this study was to
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understand the surface properties of ZNR and the influence of surface in the formation of
heterostructure and their corresponding interface properties. Such 1D ZNR grown as thin
film is an unique integration of nanostructural and multifunctional properties which are
beneficial and desirable for photocatalytic processes [93,228–230]. However, such structures are
well known to exhibit n-type conductivity due to the presence of native defects like oxygen
vacancies [153,231,232]. Research through several decades has evidenced that oxygen vacancies
in metal oxides act as active sites to promote or improve sensing or catalytic processes [16,233],
but there were also revelations that they can be detrimental for the process [167]. Therefore,
the basic understanding of this material remains inconclusive and challenging. It is crucial
to comprehend the reaction mechanism and adsorption of molecules at the surface of such
scaffold (base) materials, since their crystallinity and defects like oxygen vacancies limit the
probability of acquiring high quality heterostructures.
In this section, we have studied the degree of adsorbates removal by varying the
system base pressure used during the heat treatment of the ZNR scaffold cleaning and
their influence on the heterostructure formation. The interface properties (band bending,
conduction band, valence band and Fermi level position) were studied by XPS and cor-
related to the photoelectrochemical results (photocurrent, charge transfer resistance). In
addition, photoluminescence analysis was carried out on the better performing scaffolds,
in order to evaluate the variation in oxygen vacancies in ZNR after the surface cleaning. The
highest photocurrent and lowest charge transfer resistance attained by certain films were
correlated to the favourable surface and interface properties that were noticed to influence
the performance significantly.
4.1.2. Sample description
The scaffold used here were ZNR, whose preparation method and surface cleaning
procedure are explained in Section 3.2. The system base pressure (or total pressure, PTot)
was fixed as 5 Pa and 0.5 Pa. The NiO deposition was performed as described in Section
3.2 for the 6% oxygen partial pressure. The deposition time was fixed as 40 s, in order
to attain a thickness of ' 7-10 nm for all heterostrcutures. In addition, two temperature
conditions were tested for the NiO deposition, room temperature (RT) and RT followed by
post annealing (PA), in-situ at 250 ◦C, for 1 h in presence of oxygen (5 sccm). Accordingly, the
RT or PA subscripts were added to the sample name. The specific details about the system
base pressure used during in surface cleaning, the NiO deposition temperature conditions
and their respective sample codes are gathered in Table 4.1. The letter "a" next to the sample
code in Z2 and its heterostructures, corresponds to a base pressure of 5 Pa, whereas the letter
"b" to 0.5 Pa.
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Table 4.1: Sample description. RT - Room temperature, PA - RT followed by post annealing.
Sample Code
Preparation Details










Z2b 0.5 Pa -
Z2bNRT 0.5 Pa RT
Z2bNPA 0.5 Pa PA
4.1.3. X-Ray photoelectron spectroscopy - XPS
In this section, the influence of PTot in removal of adsorbates and further in inter-
facial properties were examined through XPS measurements. As seen in Chapter 2, here as
well, the survey scans were performed and confirmed that the emissions were only from
their respective characteristic elements, for all scaffold and NiO/ZnO heterostructure films.
As a result of heating, the Zn2p and O1s core level lines and the valence band
maximum of surface cleaned samples (Z2a and Z2b) increased in intensities compared to Z1
(Figures 4.1a to 4.1c), which confirms the removal of adsorbates.
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Figure 4.1: XPS spectra showing the (a) Zn2p (b) O1s (c) VBMx and (d) C1s peaks of Z1, Z2a
and Z2b scaffold films.
The Zn2p and O1s core level lines shifted towards lower binding energy with
surface cleaning (Figures 4.1a and 4.1b, Table 4.2). The Fermi level position to valence band
maximum distance (EF - VBMx) was in the range of 2.85 - 3.47 eV (Figure 4.1c, Table 4.2),
indicating the intrinsic n-type character. The Fermi level was lowered after surface cleaning,
attaining the lowest value when the 5 Pa system base pressure was used (sample Z2a).
The C1s emission was not detected in both Z2a and Z2b (Figure 4.1d), as a consequence
of heating. In addition to the observation of shifts, no significant changes were observed in
the line shape of Zn2p and O1s emission lines. However, narrowing of the FWHM of the
Zn2p (for Z2a and Z2b, with respect to Z1) was noticed, which is correlated to the cleaning
process.
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Table 4.2: Sample Names and their respective Binding Energies for individual peaks, band
bending (w.r.t Z1) in heat treated surfaces (Z2a and Z2b) and the FWHM values of Zn2p and





Zn2p (eV) 1022.33 1021.57 1021.83
O1s (eV) 530.97 530.46 530.67
EF - VBMx (eV) 3.47 2.85 3.04
Vbb (eV) - 0.76 0.50
FWHMZn2p (eV) 1.54 1.45 1.40
FWHMO1s (eV) 1.08 1.06 1.08
O/Zn ratio 0.32 0.41 0.43
OL/OOH ratio 0.73 0.78 0.82
In general, the stoichiometry is not considered to be precisely reliable for ex-situ prepared
samples, due to the presence of adsorbates [211]. However, tracking the evolution of O1s and
Zn2p peaks for varied annealing conditions is accepted to be considerable for analysing the
structure development in the ZnO matrix, as a function of annealing [234]. The O/Zn ratio
was deduced (by taking into account only the intensity of the lattice oxygen peak (OL of Zn-
O) and that of the Zn2p peak, in order to identify the changes in stoichiometry that might
have occurred as function of the different surface cleaning conditions. For this purpose, O1s
spectra of all scaffolds (Z1, Z2a, and Z2b) were deconvoluted (after Shirley background,
using IgorPro), as shown in Figures 4.2a to 4.2c. The O1s line of Z2a and Z2b samples
showed the existence of two components namely, OL and surface hydroxyls (-OH, OOH,
centered at ' 530.5 eV and ' 531.8 eV, as opposed to Z1 which had three components [OL -
530.97 eV, OOH - 532.1 eV and molecular water, OH2O - 532.78 eV]. The presence of OH2O in
Z1 is typical for an ambience exposed sample.
Furthermore, the atomic ratio of O1s (OL) and Zn2p peaks for each scaffold surface





where A,B represents O and Zn, IA, IB represents intensity area of the O1s peak and Zn2p
peak and FA, FB represents the atomic sensitivity factor of the respective elements (Zn - 3.354
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Figure 4.2: Deconvoluted spectra of O1s for (a) Z1, (b) Z2a and (c) Z2b respectively.
and O - 0.711).
Since Zn2p and O1s emission lines have different kinetic energies, a correction term
called Q(E) that varies between 0.9 and 1 is generally used to obtain the reasonable ratio.
However, usage of this correction term amounts upto only a minor deviation of 1.1% [given
that atomic sensitivity factor is used for the calculation], hence the above equation is still
considerable [237,238]. Moreover, to obtain the correction factor, the ratio has to be calculated
using a substrate of known stoichiometry, which was not the case here. Therefore, these ratio
values were solely used to interpret the variation in ratio before and after the heat treatment,
rather than to discuss the absolute values itself.
The O/Zn ratios for Z2a and Z2b were found to increase (0.41 and 0.43 respectively)
after surface cleaning as compared to the Z1 (0.31). The same trend was observed for the
OL:OOH ratios (0.73, 0.78 and 0.82 respectively, Table 4.2), reaffirming that there was increase
in the oxygen content with increase in the vacuum condition and part of the -OH were
desorbed.
As a general rule, in terms of surface-gas system, the resultant layer of adsorption
would be based on the balance between adsorption of atoms/molecules from the atmo-
sphere (here, oxygen and H2O) and the thermal excitation of electrons from the surface of
material [239]. Furthermore, oxygen vacancy filling is a process that occurs as a competition
between temperature and oxygen partial pressure involved [155]. Our studies reveal that,
the system base pressure as well plays a crucial role in the oxygen adsorption/desorption
equilibrium. In principle, the treatment in different O2 atmosphere at high temperature lead
to variations in doping as space charge layer is formed. As these effects cannot easily be
separated, we assume a homogeneous bulk doping charge for the nanostructured samples.
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Under the lower vacuum (5 Pa), oxygen adsorption is favored (it is the PO2 which
shifts the equilibrium to the right) with excited electrons being captured by the incoming
oxygen (equation 4.2) and resulting into depletion of electrons at the surface and at the same
time the oxygen vacancies are filled. Because of the surface coverage by oxygen, further
desorption of adsorbates (-OH) is blocked explaining the higher -OH content at the surface.
1
2
O2 (gas) + 2e- + V O++  O0x (4.2)
At higher vacuum condition (0.5 Pa), the oxygen desorption preferentially occurs and e- are
released leading to a raise in the Fermi level and thus to an increase of electron concentration
in the material.
Band energy structure
The shift in the BE values of the Zn2p core level line of after surface cleaning (Z2a
and Z2b) with respect to pristine ZNR surface (Z1) gave information about the Fermi level
shift and attained band bending at the surface of ZNR and about the extent of depletion that
occurred as a consequence of heating. The energy shift of 0.5 eV (Z2b) and 0.76 eV (Z2a)
observed in the Zn2p core level lines could be attributed to the band bending developed
at the surface of heat treated ZNR, while the change of EF - VBMx in the bulk is due
to redoping. From the impedance measurements (detailed in next subsection, 4.1.6.) we
observe a change in the Fermi level position of the bulk. Additionally, from the shift of EF -
VBMx, we could deduce that EF was above the conduction band for Z1 and shifted inside the
conduction band for Z2a and Z2b, once the excess electrons were depleted from the surface.
Using these information, the band energy diagrams for the varying scaffold surfaces, were
drawn and illustrated in Figure 4.3
(a) (b) (c)
Figure 4.3: Band energy diagram and change of the Fermi level position at different scaffold
surfaces (a) Z1, (b) Z2a and (c) Z2b, as an effect of post processing method.
111 of 232
4 | CHAPTER 4. P TYPE-N TYPE NIO/ZNO HETEROSTRUCTURED THIN FILMS
The electron depletion on the surface of Z2a was higher than for Z2b, agreeing well
with the trend seen in the O/Zn atomic ratios. However, the scaffold Z2b for which a higher
amount of -OH was removed (higher OL/OOH ratio, Table 4.2) is expected to have improved
interfacial properties.
Heterostructured films
Each scaffold film was subjected to NiO deposition conditions as detailed in Sec-
tion 4.1.2. After NiO deposition, the core level lines of Zn2p, O1s and Ni2p for all het-
erostructures were shifted towards lower binding energies, with respect to the scaffold
(Figure 4.4 and Table 4.3). The Zn2p and the O1s emission lines were identified in the range
of 1020.94 - 1021.21 eV and 529.37 - 529.60 eV (Figure 4.4 and Table 4.3), respectively, for all
the heterostructures.
Table 4.3: Sample Names and their respective Binding Energies for individual peaks, band
bending(w.r.t their scaffold surfaces) in heterostructures and the FWHM values of Zn2p,
O1s, Ni2+ and NiSat peaks for all heterostructured films; all are expressed in units of electron
volts(eV). The band bending (Vbb due to contact formation of ZnO to NiO was calculated
from the shift of the Zn2p core level line; 0.76 and 0.50 eV was added to the Vbb values
of Z2a and Z2b heterostructures, respectively, with respect to the shift of Zn2p line for the





Z1NRT Z1NPA Z2aNRT Z2aNPA Z2bNRT Z2bNPA
Zn2p 1021.21 1021.01 1021.45 1020.94 1020.97 1021.00
Ni2+ 854.08 853.93 854.04 853.95 853.79 853.82
NiSat 861.24 861.09 861.26 861.11 860.94 861.00
O1s 529.60 529.50 529.52 529.48 529.37 529.43
EF - VBMx 0.67 0.63 0.58 0.56 0.63 0.66
Vbb 1.12 1.32 0.88 1.39 1.36 1.33
FWHMZn2p 1.53 1.54 1.51 1.40 1.48 1.62
FWHMO1s 1.27 1.08 1.09 1.07 1.20 1.09
FWHMNi2+ 1.37 1.26 1.40 1.41 1.18 1.17
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Figure 4.4: Spectra of Zn2p, Ni2p and O1s emission lines (shifts represented in the figure)
for Z1 (a, d and g), Z2a (b, e and h) and Z2b (c, f and i) heterostructres along with their
corresponding scaffold.
In addition, the Zn2p and Ni2p core levels for the post annealed heterostructure films formed
with Z1 and Z2a scaffolds, were further shifted to lower BE in relative to their room tem-
perature counterparts (Figures 4.4a and 4.4b, Table 4.3). But, such a shift was not noticed for
the heterostructures formed with the Z2b scaffold (Figure 4.4c, Table 4.3). Concurrently, in
all heterostructures, the shift in VBMx was not experiencing any significant changes in their
values, as an effect of varying temperature conditions during the preparation (Figure 4.5)
The EF - VBMx difference of heterostructures were occurring in the range of 0.58 - 0.67
eV (Table 4.3), signalling the EF shift towards the valence band maximum, confirming the
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deposition of NiO and thereby its p-type character. Apart from the shifts in BE and intensity
variation, another feature of importance in XPS analysis is the peak broadening, which
could be related to both intrinsic and extrinsic mechanisms. Extrinsic broadening is usually
due to the instrument but is generally avoided with the use of monochromator. Intrinsic
broadening is attributed to core-hole lifetime, inhomogenities in the studied material, polar
distortions, vibrational/phonon effects etc [240,241]. However, models which correlate the
XPS peak broadening with the chemical bonding and the catalytic activity of thin oxide films
were proposed only recently [241]. Here, therefore, we are analysing the broadening of the
the Zn2p, O1s and Ni2+ core level lines, in order understand the effect of surface cleaning
on the interface formation and eventually on the catalytic activity of the heterostructured
material.
The FWHM of Zn2p and O1s core levels were lying in the range of 1.4 - 1.62 eV and
1.08 - 1.27 eV (Table 4.2 and Table 4.3) respectively, as normally observed for a metal (oxide)
and oxygen emission lines. However, there were some noticeable variations in the FWHM
values that could be assumed in relation to the nature of chemical bonding between the two
materials (ZnO and NiO). The FWHM of O1s peak was around (' 1.08 eV) for almost all
films except for Z1NRT and Z2bNRT (1.2 eV) (Table 4.2 and Table 4.3).
The O1s core levels were deconvoluted for all the heterostructures and an example
for sample Z2bNRT and Z2bNPA are shown in Figure 4.6. The deconvolution of O1s spectra
for all heterostructures revealed two components, OL and OOH, existing in the range of
529.37 - 529.6 eV and 530.77 - 531.16 eV respectively, Figures 4.6b and 4.6d. As detailed in
Section 3.4, here as well, the existence of OL corresponding to Ni-O and -OH was confirmed,
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Figure 4.5: Spectra of the VBMx of (a) Z1, Z1NRT and Z1NPA, (b) Z2a, Z2aNRT and Z2aNPA,
(c) Z2b, Z2bNRT and Z2bNPA.
The Ni2+ peak for the heterostructures with Z1 and Z2a, displayed a FWHM of 1.3
- 1.4 eV, and a lower value for the Z2b heterostructures (' 1.17 eV, Table 4.3). This might
be due to the fact that the amount of surface hydroxyl was comparatively higher on the
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surface of Z1 and Z2a but not on Z2b, which would have induced the change in the nature
of bonding of NiO with ZnO [241,242].
The Ni2p spectra of the heterostructures did not show any major change in line
shape, as a function of neither scaffold surface cleaning nor the deposition temperature of
second material (For example, Figures 4.6a and 4.6c, shows Ni2p spectra of Z2bNRT and
Z2bNPA, respectively) and thus indicate that mostly NiO was formed on top of the ZnO
scaffold. The rather similar value measured for EF - VBMx (Table 4.3) for the NiO covered









































































Figure 4.6: As-is spectra of Ni2p and deconvoluted spectra of O1s for Z2bNRT (a and b) and
Z2bNPA (c and d) heterostructures, respectively.
Finally, the shifts in BE of Zn2p were used to estimate the attained band bending
at the interface of each heterostructure, with the help of equation 2.1 in Section 3.4. The
deduced values were ranging between ' 0.9 and 1.4 eV, with lowest Vbb value for the
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heterostructure, Z2aNRT (Table 4.3).
4.1.4. Opto - electronic characterization
Electrochemical Impedance Spectroscopy (EIS) that utilizes a three electrode setup
(sample - working electrode, Platinum - counter electrode and Ag/AgCl - reference elec-
trode) was used for performing Linear Sweep Voltammetry (LSV), Impedance analysis and
Mott-Schottky (MS) analysis. The Mott - Schottky plots of the scaffold films Z1, Z2a and
Z2b were measured in the -0.5 to 0.8 V potential range (30 steps) and the plots are shown in
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Figure 4.7: The Mott-Schottky plots of the scaffold films (a) Z1, (b) Z2a and (c) Z2b,
measured in 0.5 M Na2SO4·10H2O aqueous solution as electrolyte with Ag/AgCl as
reference electrode.
The donor density (ND) and the flatband potential (EFB) values were extracted
from the Mott-Schottky plot as described in Appendix 7.2 (under PhotoElectroChemical
measurements) and their values are gathered in Table 4.4.
Table 4.4: The flatband potential and donor density values for the scaffold films, as obtained





EFB (in V) -1.02 -0.77 -0.65
ND (in cm-3) 3.4× 10
21 0.48× 1021 0.52× 1021
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The obtained EFB and ND of each film clearly indicate that the donor density was reduced
after the heat treatment [153], in agreement with the Fermi level lowering below the conduc-
tion band. Z2a was noticed to have less carriers than Z2b and in agreement with the wider
depletion region.
The current (I) - voltage (V) curves were registered in light for each scaffold and
its respective heterostructures are shown in Figures 4.8a to 4.8c. The following features
were extracted from the I - V plots: (i) onset potential (VOP) (ii) the photocurrent produced
at the water splitting voltage 1.026 V (vs. Ag/AgCl) and (iii) the maximum photocurrent
density that can be attained at potentials more anodic than 1.026 V. The determination of
onset potential was done by extrapolating the straight line (the linear portion of the I-V was
fitted with a line) to the x-axis [243]. The photocurrent noticed at 1.026V and its more anodic
potentials were extrapolated on the y-axis and are presented in Table 4.5.
Table 4.5: Representation of onset potential, photocurrent at water splitting voltage and
total photo current densities for both scaffold and heterostructured films, with Ag/AgCl as
reference electrode.





Z1 1.25 0.012 2.70
Z1N1RT 1.18 0.060 2.20
Z1N1Pa 1.20 0.043 2.70
Z2a 1.40 0.023 1.96
Z2aN1RT 1.25 0.013 1.40
Z2aN1PA 1.25 0.023 1.15
Z2b 1.28 0.002 0.72
Z2bN1RT 1.20 0.084 5.80
Z2bN1PA 1.18 0.073 6.60
Theoretically, the EFB is the potential at which photocurrent will arise, but this is never the
case because of surface recombination or accumulation of electrons (if p-type) / holes (if
n-type) at the surface, due to poor charge transfer kinetics [58]. Therefore, the VOP is always
higher than EFB.
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Among the scaffold surfaces, Z1 showed lower VOP of 1.25V while Z2a and Z2b
showed VOP of 1.4 and 1.28 respectively. The variations in VOP follow the variations in the
Fermi level. For the heat treated surfaces, the VOP was directly proportional to the amount
of band bending that was observed (in XPS) after heating (i.e, decreasing with increasing
vacuum). With higher band bending, the VOP was also higher and so was the barrier that
the electrons have to overcome for being transferred to the electrolyte, explaining the lower























 EWe-V Vs Ag/AgCl
 Z1
 Z1NRT - Light




















 EWe-V Vs Ag/AgCl
 Z2a
 Z2aNRT - Light























 EWe-V Vs Ag/AgCl
 Z2b
 Z2bNRT - Light
 Z2bNPA - Light
(c)
Figure 4.8: Linear Sweep Voltammetry curves for Z1, Z2a and Z2b, and their respective
heterostructures (a, b and c respectively), swept in the 0 - 1.7 V voltage range in presence of
0.5 M Na2SO4·10H2O aqueous solution as electrolyte.
The pristine Z1 scaffold which exhibited an accumulation of electrons at the surafce
would have resulted into a smaller band bending when into contact with the electrolyte
and irradiated by light source, leaving photogenerated holes at the surface. This kind of
photoresponse is accountable for the slow relaxation of photoinduced electrons, which has
enabled higher photocurrent than Z2a counterpart [244]. In case of Z2b, VOP was smaller than
that for Z2a counterparts and together with the lower band bending (from XPS) explain the
higher photocurrent values obtained.
The onset potential for heterostructures was lower than that of their corresponding
scaffold and the photocurrent at 1.026 V (vs. Ag/AgCl) was increased. This demonstrates
the enhancement in hole transfer and charge separation. However, the lower maximum
photocurrent values of the Z1 and Z2a heterostructures with report to the scaffold suggest
that the charge separation process was not so effective. The photoresponse and XPS analysis
indicate that surface cleaning under high vacuum (Z2b) leads to improved charge transfer
kinetics and reduced surface charge recombination.
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4.1.5. Photoluminescence
The study of the photoluminescence response (Figure 4.12) of the pristine (Z1) and
cleaned ZNR (Z2b) surface was performed in order to highlight the influence of defects on























































































Figure 4.9: Deconvoluted PL spectra of (a) Z1 and (b) Z2, surface cleaned [at 0.5 Pa] and
then ambience exposed.
Conventionally, ZnO is capable of giving rise to PL emissions spanning within the
range of 300 - 800 nm that are categorized into distinctive regions as UV (375-395 nm),
blue (405 - 450 nm), green (500 - 560 nm), orange (600 - 640 nm) and red (650 - 750nm)
emissions [17,157,208]. These occurrences could be either observed evidently or by the decon-
volution process of a broad peak as performed in our studies. The deconvoluted Photo
Luminescence (PL) spectra for Z1 and Z2 (after surface cleaning at 0.5 Pa and then ambience
exposed) are shown in Figure 4.9a and Figure 4.9b, respectively. Here, the PL spectra of
both Z1 and Z2 exhibited two major broad peaks attributed to the Near Bandedge Emission
(NBE) and the Deep Level Emission (DLE) (Figures 4.9a and 4.9b), situated in the 387-397 nm
and 450-800 nm range, respectively. The former occurs due to the presence of recombination
centers at the surface, whereas the latter corresponds to the deep trap levels (vacancies) in
ZnO.
After deconvolution, three peaks were identified for the Z1 scaffold PL spectrum
that belong to the UV, blue, green and orange-red emissions. This unveiled the presence of
shallow and deep level defects like free surface excitons (FX) [158,175], Zn vacancies (VZn), Zn
intersititals (Zni) [158,162,245], oxygen vacancies (VO) and oxygen intersitials (Oi) [162,245–247].
The narrow NBE peak (UV emission), located at 378nm is the result of free surface excitons
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but also due to the shallow level defects like Zni. The broad DLE peak included blue,
green, orange and red emissions. The transition between Zni and VZn levels led to the blue
emission, which overlaps with Oi species that gives the green emission (' 450-550 nm).
The peak centered at ' 602 nm indicates the presence of excess electrons at the surface as
the peak corresponding to neutral oxygen vacancies (VO0)
[162,245–247] is mainly observed, in
agreement with the XPS studies, which showed that the EF lies above the conduction band
minimum and an electron accumulation layer is formed at the surface.
In case of Z2, all the contributions previously discussed were identified but with
shifts and decreased intensity levels. The decline in intensity levels suggest that the sur-
face cleaning in presence of oxygen was effective in reducing the amount of recombination
centers. This agrees well with XPS showing a shift of Fermi level position below the CB
after heating. The NBE peak of Z2b was blue shifted and broadened (mildly) as an effect
of thermal treatment (Figure 4.9b and Table 4.6). In fact, the high value of IDLE/ITotal ratio
indicates that the contribution of deep level emission was still high, even after the surface
cleaning. This could be due to -OH re-adsorption from the ambience during sample transfer
to the PL instrument.
Table 4.6: Sample codes and corresponding details from PL spectrum. INBE and IDLE values
were taken by calculating the corresponding area below the deconvoluted peaks (using a
data analysis software, IgorPro) in PL spectra.




















367 / Blue 570 / Blue 40 0.21 0.78
The spectra was noticed to have a broad bridge between NBE and DLE, revealing the con-
tribution of Zni and VZn. The peak corresponding to VO was also blue shifted with a
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reduction in its intensity, a sign that the neutral vacancies were ionized (doubly charged
oxygen vacancy, VO++) [17,156,248], through heat treatment under high vacuum and part of
them were filled by oxygen as also indicated by the XPS results.
4.1.6. Photo electrochemical impedance studies
PhotoElectrochemical Impedance Studies (PEIS) spectra was recorded for all scaf-
fold and heterostructured films, and the Nyquist plots of the scaffolds and of Z2b and its
heterostrcutures are shown in Figures 4.10a and 4.10b (for heterostrcutures with Z1 and
Z2a scaffolds, refer to appendix). All scaffold films were fitted with the equivalent circuit
composed of five elements [Rs + RCT1‖Q1 + RCT2‖Q2 - where + and ‖ represents series and
parallel connection respectively; model circuit is shown in appendix, Figure 7.10.] whereas
all heterostructures (except that of Z2a) were fitted with a circuit comprising of six elements
[Rs + RCT1‖Q1 + RCT2‖Q2 + Q3], due to the observation of diffusion process [249,250]. In
the inset of Figure 4.10a, a zoomed image is shown for the high frequency region which
illustrates the contribution of RCT1‖Q1. The generated fit correlated well with the recorded
spectra of all films, as seen in each of their represented spectra.
In these circuits, RS stands for the contacts and electrolyte resistance, RCT1‖Q1 is
attributed to the FTO/ZnO/NiO interfaces, whereas the RCT2‖Q2 corresponds to the charge
transfer resistance and capacity of the double layer formed at the sample/electrolyte inter-
face. In addition, when diffusion was visible Q3 was used to define the diffusion behaviour.
The values of RS, RCT1 and RCT2 obtained through fitting are gathered in Table 4.7.
Table 4.7: Rs [Contact resistance (FTO/ZnO)], RCT1 [Semiconductor or interfacial charge
transfer resistance (ZnO-seed/ZNR or ZnO/NiO)] and RCT2 [Charge Transfer resistance
(Film/Electrolyte)] values for all the scaffold and heterostructured films.
Sample Name Rs (Ω) RCT1 (Ω) RCT2 (Ω)
Z1 3 38 20527
Z1N1RT 160 25 2700
Z1N1PA 110 25 63
Z2a 5 30 38639
Z2aN1RT 49 28 -
Z2aN1PA 161 40 -
Z2b 104 38 40327
Z2bN1RT 3 25 334
Z2bN1PA 14 28 36
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The RCT1 values have negligible variation with the type of scaffold or NiO deposition con-
ditions. However the RCT2 values of the heterostructures were considerably reduced with
report to their corresponding scaffold. Among the scaffold, sample Z1 showed the smallest
RCT2 value corresponding to the highest maximum photocurrent. The middle frequency
contribution could not be detected for the Z2aNRT and Z2aNPA samples indicating a fast
charge transfer process. However, the lowest photocurrent values were obtained for these
samples. This might be due to the increased surface recombination due to incomplete
desorption of adsorbates. The same reasons are behind the poor photocurrent values ob-
tained for Z1 heterostructures. Concurrently, the RCT2 values of Z2b heterostrustures were
relatively smaller than all other heterostructures, signifying the effective charge transfer and




























































Figure 4.10: Nyquist plot for (a) scaffold (inset showing the first contribution), (b) Z2bNRT
and Z2bNPA. Symbols and continuous lines in the plots represent the data and the generated
fit, respectively.
When comparing the different NiO deposition conditions, the heterostructures with
NiO deposited at RT followed by post annealing condition showed lower charge transfer
resistance (RCT2), corresponding to higher photocurrent values. The negative influence of
remaining adsorbates is clearly noticed for sample Z1NRT for which the photocurrent is
lower even if a lower RCT2 value compared to Z1 scaffold was obtained. The influence of the
NiO deposition temperature on the heterostructure properties is further investigated in the
next section.
In conclusion, an enhanced charge separation and faster charge transfer was ob-
tained for the heterostructures with Z2b. This highlights the importance of both surface
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and interface properties in enhancing the carrier lifetime and surface reaction kinetics apart
from the material response to illumination, which eventually boosts the photocatalytic ac-
tivity [132,251].
Conclusion
Surface characteristics of ZnO nanorods were successfully modified by varying the
system base pressure during heat treatment. The surface of ZNR that was heated at 0.5
Pa was less depleted than the surface that was heated at 5 Pa, indicating that the high
vacuum favored the adsorbates and oxygen desorption. The presence of neutral oxygen
vacancies (in Z1) and then passivation (ionization, in Z2) was confirmed by PL analysis
from the blue shift in the deep level emission The decrease in surface hydroxyl content at
the surface was confirmed by XPS. The Mott - Schottky measurement were in agreement
with this observation, showing a lower donor density. However, among scaffold, it is the Z1
surface that attained the highest photocurrent due to a pre existent electron accumulation
layer that facilitated the holes transfer to the electrolyte.
The XPS studies demonstrated that the band bending at the NiO/ZnO interface
was influenced by the scaffold surface pre heating. The heterostructures formed with the
ZNR surface treated under high vacuum attained higher band bending and lower charge
transfer resistance due to improved interface, eventually leading to the highest photocurrent
values. Surface cleaning under high vacuum has enabled an effective charge separation and
charge transfer kinetics, and therefore, the Z2b scaffold was used in further studies and
denoted as Z2.
As a conclusion, our studies indicate that the system base pressure, the temperature
and the oxygen partial pressure should be considered when designing a heterostructure,
and proves that, only both the enhancement in charge separation and enrichment in charge
transfer will lead to improvement in the photoelectrochemical activity of heterostructures.
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4.2. Influence of NiO deposition temperature
4.2.1. Sample description
For this study, we have prepared heterostructures based on ZnO (heat treated at 400
◦C in presence of oxygen, under high vacuum as optimized in previous section) and NiO
which was deposited at different temperatures, using a partial oxygen pressure (PO2) of 6%
and a deposition time of 40 s (chosen to attain a thickness of 7 - 10 nm), as summarized
in Table 4.8. For comparison, the pristine ZNR surface (Z1) was also used to prepare the
heterostructures with NiO. The investigations of X-Ray Photoelectron Spectroscopy (XPS)
and Photoluminescence (PL) were correlated with the photodegradation activity, allowing
the understanding about the role of external factors like ZnO surface cleaning and NiO
deposition conditions on the scaffold surface chemistry and consequently on the internal
factors (band bending, ratio of shallow level defects vs. deep level defects) on the pollutant
degradation response.
Table 4.8: Preparation details and corresponding sample codes
Sample Code
Preparation Details
Surface Cleaning (at 0.5 Pa) Second Material (NiO) NiO deposition
temperature conditions
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4.2.2. Transmission electron microscopy
The SEM images of the ZNR film after NiO deposition did not show any changes
in morphology (as shown in Section 3.2). This is due to the fact that the NiO thickness was
very low, below 10 nm. Therefore, the structure of the heterostructures was investigated
through TEM.
Figure 4.11a confirms the 1D nanostructure with nanorods being characterized by a
smooth surface. After the NiO deposition, the surface of nanorods is uniformly covered by a
rough layer (Figures 4.11b and 4.11c) with a thickness in the range of 2-3 nm. We also noticed
that the thickness of NiO layer was higher for PA (' 6-7 nm) than that for RT conditions,
which might be due to the supplementary post annealing treatment.
The image of the HT film (Figure 4.11d) revealed the formation of cubic nanoparti-
cles of ' 5-6 nm (zoomed image in inset of Figure 4.11d), rather than a layer at the surface
of nanorods. This indicates that the crystallite size is enhanced due to the slower growth
rate. Apart from these features, the lattice spacing of d=0.24 nm that correspond to the (111)
lattice planes of cubic NiO was observed, indicating the formation of well crystallized NiO
at HT deposition [252] (Images (Figure 8.2) showing the lattice fringes, for each deposition
temperature is represented in the Appendix 8.2). The TEM images also demonstrate that
the NiO layer was capable of covering the ZNR surface throughout its 200-250 nm length,
which could be expected to increase the visible light absorption [174].
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(a) (b)
(c) (d)
Figure 4.11: TEM image of (a) ZNR, (b) Z1NRT, (c) Z1NPA and (d) Z1NHT [zoomed view in
the inset]. RT - deposited at Room temperature; PA - deposited at RT and Post Annealed;
HT - deposited at High temperature.
4.2.3. Photoluminescence
Furthermore, to gain deep insights into the effect of NiO deposition temperature
and surface cleaning on the heterostructure formation, the photoluminesence of Z1 and Z2
scaffold was compared with their respective heterostructures (Figures 4.12a and 4.12b).
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Figure 4.12: Photo Luminescence spectra of (a) Z1 (without surface cleaning) and corre-
sponding heterostructures and (b) Z2 (Surface cleaned) and corresponding heterostructures.
For further understanding the contribution of surface excitons and defects in charge
carrier recombination, the intensity ratios INBE/ITotal and IDLE/ITotal were determined (after
deconvolution) and reported in Table 4.9.
Table 4.9: Sample codes and corresponding information extracted from PL spectrum,
determined INBE and IDLE values were taken by calculating the corresponding area below












Z1 371 38 0.18 0.82
Z1NRT 379 / Red 50 0.05 0.11
Z1NPA 381 / Red 61 0.08 0.08
Z1NHT 379 / Red 58 0.04 0.03
Surface
cleaned (Z2)
Z2 367 / Red 40 0.21 0.78
Z2NRT 372 / Red 41 0.45 0.34
Z2NPA 381 / Red 48.17 0.08 0.4
Z2NHT 384.1 / Red 41 0.08 0.11
After NiO deposition the intensity of the PL decreased but a matching contribution from
both DLE and NBE (Table 4.9) was observed, suggesting that even if charge separation
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was enabled (as evidenced through XPS, discussed in the following section), non-radiative
recombination across the NiO layer might have occurred. The NBE peaks of almost all
heterostructures were red shifted (Table 4.9) signifying an enhancement in the quantum
confinement effect [253,254], as a result of nanoscale NiO covering.
In case of sample Z2NRT, the red shift accompanied by the increase in intensity of
NBE peak might indicate an additional effect, apart from the non-radiative recombination
across the NiO layer. Additionally, the broadening as compared to scaffold indicates the
presence of fluctuations in interface properties [255,256]. This effect was removed by using a
cleaned scaffold and deposition of NiO at HT, as in the case of sample Z2NHT.
4.2.4. X-Ray photoelectron spectroscopy
Scaffolds Z1 and Z2, their respective heterostructures, prepared in RT and RT+PA
conditions were already compared in Section 4.1.3 (as Z1 and Z2b, their respective het-
erostructures), however, they are shown here in comparison with their corresponding HT
counterparts, in order to understand the influence of NiO deposition temeprature on the
interface properties (Figures 4.14a to 4.14d). In addition, the scaffold Z2 was investigated by
XPS after exposing Z2 surface to ambience (denoted as Z2 Ex-situ). The emission lines of Z2
Ex-situ [Zn2p (Figure 4.13a), O1s (Figure 4.13b) and C1s (Figure 4.13c), VBMx (Figure 4.13d)]
confirmed the existence of Zn and O, but also of carbon and hydroxyl species (increase of
the O1s shoulder peak) that were re-adsorbed on the surface of the Z2 sample [177,214,246].
The slight shift of the Zn2p BE of about 0.50 eV (Figure 4.13a and Table 4.10) as well as the
EF - VBMx shift (for Z2, EF - VBMx = 3.04eV whereas for Z2 Ex-situ, EF - VBMx = 3.39eV,
Table 4.10) were attributed to a change in the doping of the sample from a sample which
was n- doped to a sample which is n+ doped, while the reverse was noticed for Z1 and
Z2. In principle, we cannot discriminate in these experiments a bulk doping from a surface
doping but assume a change of bulk doping because of the small thickness of the nanorods
(diameter ' 50-60 nm). In addition to the above mentioned changes, there was a decrease
in intensity of all peaks and all these confirmed the readsorption of contaminants on the Z2
surface [214].
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Figure 4.13: Zn2p (a), O1s (b), C1s (c) spectra and VBMx (d) shift for samples Z2 and Z2
Ex-situ (e) O1s peak deconvolution for Z2 ex-situ.
As in case of Z1 (Figure 4.1.2a in Section 4.1), O1s core level line for Z2 Ex-situ was
composed of three contributions, lattice oxygen (OL) - 531.05 eV, hydroxyls (OOH) - 531.94
eV and adsorbed water (OH2O) - 532.92 eV, Figure 4.13e). In order to identify any changes in
the O/Zn ratio, the area under Zn2p and oxygen lattice curves were taken into account for
Z2 ex-situ and deduced as 0.41 using equation 4.1 (in Section 4.1). This was similar to the
value obtained for Z2 (0.43, in Section 4.1.3), clearly indicating that the chemisorbed oxygen
by heat treatment was not affected after exposure to ambience.
With the deposition of NiO, the typical features and satellite structure of Ni2+ and
O were observed [177] (Figures 4.14b and 4.14c and Figures in appendix). Also, the XPS
valence band feature shows the typical spectral signature of NiO (Figure 4.14d and Figure
in appendix). However, even for HT conditions, no modification of the satellite peak (from
the Ni2p core level) is detected (Figure 4.14b), meaning that the formation of Ni3+ is likely
unprobable.
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Table 4.10: Binding Energy (BE) values of Zn2p, Ni2p, O1s peaks and EF - VBMx for
scaffold surfaces [Z1 (without surface cleaning), Z2 (Surface cleaned) and Z2 Ex-situ] and
corresponding heterostructured films of Z1 and Z2 scaffolds. [RT - Room temperature;
PA - Post Annealed; HT - High temperature]; 0.50 eV was added to the Vbb values of all
Z2 heterostructures, with respect to the shift of Zn2p line for Z2 scaffold in relation to the
reference material, Z1 scaffold.
Sample Code XPS Spectra







Z1 1022.33 - 531.05 3.47 -
Z1NRT 1021.21 854.16 529.64 0.67 1.12
Z1NPA 1021.01 854.02 529.49 0.63 1.32




Z2 1021.83 - 530.67 3.04 0.50
Z2 Ex-situ 1022.31 - 531.06 3.39 -
Z2NRT 1020.97 853.88 529.37 0.63 1.36
Z2NPA 1021 853.9 529.41 0.66 1.29
Z2NHT 1021.16 854.12 529.63 0.84 1.17
If we compare the observed changes in Vbb as well as the changes in relative
intensities and position [145,177] of Zn2p, Ni2p and O1s lines (Table 4.10) after NiO deposition
(Figures 4.14a to 4.14c and Figures in appendix), a clear trend cannot be extracted that could
be related to modification of the growth process of the co-catalyst, neither to changes in
the doping of the scaffold. However, some general conclusions can be deduced. The NiO
deposition at high temperatures on Z1 and Z2 scaffold shows a larger EF - VBMx difference
(0.84-0.95eV, Table 4.10) compared to RT and PA depositions (0.66eV, Table 4.10), which
can be related to a better-defined stoichiometry. The lowering of Fermi level for Z2 and
its heterostructures could be attributed to the scaffold surface cleaning treatment which
changes the doping level from n+ to a n-. The overall shift in BE that led to band bending is
larger for the Z2 heterostructures as compared to the Z1 ones, which can be understood by
the removal of adsorbates. Overall, a clearly developed band bending ranging from 1.36 eV
to 0.89 eV (Table 4.9) is found after heterostructure formation.
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Figure 4.14: Zn2p (a), Ni2p (b), O1s (c) and VBMx (d) spectra of the scaffold Z2 and its
heterostructures.
4.2.5. Pollutant degradation
The photodegradation experiments were done as described in Appendix, under
section 8.1.4.1. The degradation rate (Ct/C0 vs. time) for each sample was calculated as
according to equation 4.3, plotted in Figure 4.15a and the degradation efficiencies are shown
in Figure 4.15b.








Where, Ct - Concentration in time; C0 - Initial concentration.
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Figure 4.15: (a) Ct/C0 vs. degradation time for Z1 (without surface cleaning), Z2 (surface
cleaned) and their corresponding heterostructures and (b) bar graph plot showing the
degradation efficiency. Degradation studies were conducted for 3 replicates of scaffold Z1
(without surface cleaning) and resulted in an error bar of ±2%. The Z2 scaffold subjected to
degradation study here is practically the surface exposed to ambience after surface cleaning.
Z1 was able to degrade 54% of the pollutant whereas, its heterostructures were
found to have lower performance, except for HT whose efficiency was 58%. We believe
that four competing mechanisms influence the photodegradation efficiency: (1) the holes
photogeneration which is favoured for low NiO thickness, (2) charge recombination which
is expected to be enhanced when valence band bending is reduced, (3) ZnO interface charge
recombination because of defects and (4) charge recombination across the NiO layer. In
case of Z1 heterostructures, the variation of photocatalytic efficiency cannot be explained
by a simple combination of these arguments. In case of sample Z1NHT mechanism (1) is
prevailing.
Concurrently, the Z2 heterostructures were overall more efficient than their Z1
counterparts, with the highest efficiency for the Z2NPA (69%), however equivalent with the
one of the scaffold. From here we conclude that limiting the contribution of mechanism (3)
by surface cleaning is mostly influencing the photocatalytic efficiency, and the modest or
lack of improvement after NiO deposition might be influenced by mechanism (4), which
could be due to a thinner space charge layer.
Recent reports on powder materials have demonstrated that post processing of
ZnO or heterostructure formation enhanced the photocatalytic activity due to reduction in
surface/bulk defects and improved charge separation [93,132]. This was also correlated with
the photoluminescence response but with inconsistent conclusions; reduction [137,162,257] and
increase [160,174,258] in NBE emission were both related to an enhancement in photocatalytic
activity.
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Bringing n-type ZnO and p-type NiO material into contact resulted in the forma-
tion of a space charge region at the interface and thus band bending (example shown for
Z2NRT in Figure 4.16, EF - VBMx values from Table 4.10). Despite attaining a maximum band
bending of '1.3 eV in both Z1 and Z2 heterostructures, the pollutant degradation efficiency
did not show any improvement (as compared to their respective scaffolds), emphasizing
that larger band bending does not generally lead to higher photodegradation efficiency.
Figure 4.16: Band alignment and band bending for Z2NRT [RT - Room Temperature]. EF
- VBMx values as obtained from the respective XPS spectra; 4ECB and 4EVB in the figure
correspond to conduction band and valence band offsets that could be derived with the
systematic interface study as shown in Chapter 3 (Section 3.4).
These results maybe in contrary to previous literature reports where heterostruc-
tures were shown to be photocatalytically more active as a consequence of charge separation
induced by interfacial band bending [93,132]. The optimal band bending (height and width of
the space charge layer) and its influence on photocatalytic response were not reported in
literature previously. Thus, for a detailed discussion of space charge effects in charge carrier
separation, all aspects of heterostructure preparation must be taken into consideration. Due
to the high doping of the ZnO scaffold, which is an indication of large concentration of
bulk/surface defects, the width of the space charge layer shown in Figure 4.16 is very small.
As a consequence, charge carriers are not evidently separated due to the contact but instead
recombine via the NiO layer by tunnelling through the extremely thin interface barrier.
This mechanism can explain the low catalytic efficiencies obtained for Z1 based samples
and the slightly improved efficiencies of Z2 samples as here the doping concentration is
reduced. Moreover, our XPS and PL studies on the ambience exposed Z2 (same as the
scaffold surface used in pollutant degradation), show that the presence of both chemisorbed
oxygen with additional -OH and ionized VO++ on the surface of Z2 Ex-situ could have
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provided both the necessary active species (superoxide anions and hydroxyls) for pollutant
breakdown, resulting into improvement in the degradation rate for the Z2 scaffold than
most of its heterostructures itself where recombination through tunnelling are expected to
have occurred.
These conclusions are also supported by the PL data, as for all samples we observe
a high contribution of defect states as recombination centers. These defect states may also be
involved in the electron-hole recombination across the NiO contact layer due to increased
rate of electron transfer across the space charge layer. The strong reduction in the overall
photoluminescence intensity after NiO deposition, but with an almost equal contribution
from deep level and surface defects (Table 4.9), can also be taken as clear argument for the
above given hypothesis describing a dominating influence of electron-hole recombination
vs. electron-hole separation.
In conclusion, our results indicate that there is a fine balance between the appropri-
ate band bending, a good quality interface and the reduction of charge recombination. Such
a balance was only attained for Z2 samples mainly as a consequence of surface cleaning
treatment, with little influence from the NiO deposition conditions due to recombination
across the NiO layer.
Conclusion
The influence of ZnO surface cleaning (heat treatment in O2 atmosphere at 400 ◦C)
and NiO (post)deposition temperature on heterostructure formation and final performance
in the dye degradation was studied. The XPS study of the bare ZNR revealed that the Fermi
level of the ZnO surface without surface cleaning was above the conduction band (CB),
which shifted inside the bandgap after surface cleaning treatment with the depletion of
excess electrons. This confirms that the doping of ZnO was changed but the XPS results
alone cannot discriminate if it has taken place at the surface or in the bulk. By correlating
XPS and PL with photodegradation activity we were able to conclude that the improved
photocatalytic performance of Z2 samples compared to the Z1 counterparts is mostly the
consequence of surface cleaning. Indeed, the modest performance of the heterostroctures
compared to the scaffolds indicates that the charge separation after NiO deposition was not
as effective as it would have been expected from the band bending values (BB in the range of
'0.9 to 1.4 eV) because of charge recombination inside the NiO layer (PL results show that
DLE and NBE contributions were equally present no matter the deposition conditions). The
highest photocatalytic efficiency among Z2 heterostructures is obtained for sample Z2NPA
for which the developed NiO layer thickness allowed the mitigation of the tunnelling effect.
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Therefore our study demonstrates that the correlation of a high band bending or PL emission
quenching/increase with the improved photocatalytic efficiency is not straightforward and
other factors must be considered when tuning the band bending such as the materials dop-
ing level, the space charge layer thickness, the co-catalyst thickness, etc, in order to achieve
effective photocatalytic efficiency.
Given that, Z2 and its heterostructures (with NiO deposited under PA and HT
conditions) were showing improvement in the performance, only those NiO deposition
conditions were taken for further studied in the next two sections.
135 of 232
4 | CHAPTER 4. P TYPE-N TYPE NIO/ZNO HETEROSTRUCTURED THIN FILMS
4.3. Influence of NiO deposition time
4.3.1. Experimental strategy
The functional properties of heterostructured metal oxide semiconductors widely
depend upon the micro/nano structure, grain size and distribution, defect density, surface
and interfacial properties, surface to volume ratio and density of active sites, which could
be tuned by varying the deposition and post deposition conditions and also the film thick-
ness [259–261]. Thickness of the films of both scaffold and contact material play a critical role
in designing the interface of heterostructures; the former as 1D material will influence the
depletion layer width along with the thickness of the second material involved [242].
There are some general reports regarding the effect of material thickness that leads
to changes in structural growth and surface morphology, which in turn were found to
influence the material’s optical and electrical properties [259,261]. Furthermore, spontaneous
charge transfer to the supported catalyst could be stimulated by tuning the supported film’s
thickness that could lead to remarkably different chemical and catalytic properties [242].
Though there are a hand full of studies about controlling the aspect ratio of ZnO
nanorods [262,263] and the thickness of NiO layer [264–266] individually, as per our knowledge,
there are very few studies [174,267] reporting about the thickness effect of NiO on ZNR. More-
over, the previous study was reported based on the sensor or electrical characteristics of the
NiO/ZnO heterojunction, thus the NiO thickness effect on the photocatalytic properties of
NiO/ZnO heterostructures was not reported so far. In this section, we have investigated
the influence of NiO deposition time and thus thickness on the microstructural, optical
and electrical properties of the NiO/ZnO heterostructures and correlated them with the
performance in the pollutant degradation.
The NiO/ZnO heterostructures were prepared at three varying deposition times,
at room temperature followed by post annealing and at high temperature conditions. Trans-
mission Electron Microscopy was used to study the morphology and coverage of NiO over
ZNR. And the optical and electronic characteristics were investigated by PL and XPS.
4.3.2. Sample description
The scaffold Z2 was used to deposit NiO (based on the conditions as described for
the 6% oxygen partial pressure in Section 3.2), using different deposition time (20 s, 40 s and
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60 s at room temperature followed by post annealing ( done at 250 ◦C, for 1 h, in presence of
5 sccm oxygen, noted with "PA" in Table 4.11) and at high temperature (at 400 ◦C, noted with
"HT" in Table 4.11) conditions. The details regarding surface cleaning, the NiO deposition
temperature conditions and their respective sample codes are as shown in the Table 4.11.
Table 4.11: Sample code with preparation details, for the samples discussed in this section.
Sample Code
Preparation Details
NiO deposition time (s) NiO deposition
temperature conditions
Expected NiO thickness
based on deposition rate
(nm)
Z2 - - -
Z2NPA - 20s 20 PA 3 - 5
Z2NPA - 40s 40 PA 7 - 10
Z2NPA - 60s 60 PA 12 - 15
Z2NHT - 20s 20 HT 3 - 5
Z2NHT - 40s 40 HT 7 - 10
Z2NHT - 60s 60 HT 12 - 15
4.3.3. Transmission electron microscopy
The TEM images corresponding to Z2NPA and Z2NHT at varying deposition times
are shown in Figure 4.17. At 20 s of deposition, PA resulted in a very thin layer of ' 3
nm (Figure 4.17a) while that of HT condition showed the presence of crystallite patches
(Figure 4.17b) covering the surface of ZNR. Though ZnO and NiO cannot be distinguished
from the image, the FFT observations indicated the existence of the lattice spacings d=0.24
nm and d=0.25 (and 0.26) nm, that correspond to NiO (111) and ZnO (002) planes, respec-
tively [7,252,268].
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Figure 4.17: TEM image for Z2NPA and Z2NHT at (a and b) 20 s, (c and d) 40 s, (e and f) 60 s
respectively. PA = Post Annealing; HT - High temperature.
Deposition at 40 s in PA condition showed a thicker layer of' 6-7 nm (Figure 4.17c)
and HT condition showed the NiO coverage with cubic particles, of about 5-6 nm size
(Figure 4.17d). The cubic particle formation at HT was also further confirmed by the FFT
pattern that displayed a lattice spacing of d=0.24 nm, belonging to the NiO(111) plane [252].
At 60 s of NiO deposition, both PA and HT conditions displayed growth of bigger particles
that were branching out from the ZNR surface. In addition, the tip of the nanorods for the
60 s deposition were overcrowded.
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4.3.4. Photoluminescence
The PL spectra of Z2NPA and Z2NHT samples at 20, 40 and 60 s NiO deposition
times are shown in Figure 4.18, in comparison with the Z2 scaffold. For all the heterostruc-
tures, the near band edge peak was identified in the range of 365 - 381 nm, while the deep
level emission became weaker. This would mean that the deep level defects were diminished























 Z2NPA - 20s
 Z2NPA - 40s
























 Z2NHT - 20s
 Z2NHT - 40s
 Z2NHT - 60s
(b)
Figure 4.18: PL spectra of Z2NPA and Z2NHT heterostructures for different NiO deposition
times.
The near band edge peak position of all heterostructures revealed a red shift, with
respect to the position for the Z2 scaffold (Figure 4.18 and Table 4.12). This could be related to
the quantum confinement effect that occurs due to change in particle size based on variation
in deposition times. And the minimal amount of red shift in Z2NHT-20s (compared to other
heterostructures) might be due to smaller particle size, not even detectable in TEM [159].
The near band edge intensity in PA films were in the order of 20s>40s>60s, whereas the
intensity of Z2NPA-20s was higher than that of the Z2 scaffold, due to more surface free
excitons [259,261]. The same trend was observed for the HT series, with the observation that
for a 60 s deposition time, the near band edge emission was considerably reduced.
In general, non-radiative recombination centers are ascribed to the presence of surface or
interface states which are more probable with decreasing particle size. And the PL intensity
is correlated to the particle size i.e, large crystallites (lower surface to volume ratio) will
exhibit lower NBE emission [260,261,269]. Hence, it is vital to control the density of surface
states, but without compromising the near band edge emission efficiency. Furthermore,
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Table 4.12: Sample codes and corresponding details from PL spectrum. INBE and IDLE values
were taken by calculating the corresponding area below the deconvoluted peaks (using










Z2 375.00 / - 40.00 0.21 0.78
Z2NPA
20 s 384.23 / Red 34.60 0.14 0.32
40 s 381.00 / Red 48.17 0.08 0.04
60 s 383.50 / Red 36.20 0.05 0.13
Z2NHT
20 s 380.00 / Red 57.00 0.10 0.20
40 s 384.10 / Red 40.80 0.08 0.11
60 s 382.75 / Red 24.20 0.02 0.07
the increase in quantum confinement with a decrease in crystallite sizes are considered
to lower the probability of excitonic emission by non-radiative surface recombination [269],
thereby increasing the NBE efficiency. Therefore, the highest NBE intensity (Figure 4.18a)
was observed for lower deposition times (Z2NPA-20s), which showed a very thin layer
formation (Figure 4.17a) and the lowest intensity (Figure 4.18b) was observed for the Z2NHT-
60s which displayed formation of larger particles that branched out from the surface of ZNR
(Figures 4.17e and 4.17f).
Furtheron, the INBE/ITotal and IDLE/ITotal ratios (Table 4.12) were calculated after
deconvolution and values are gathered in Table 4.12. The decrease in surface states from
lower to higher deposition time at both PA and HT conditions, is confirmed by the dropp-
ping INBE/ITotal values. Additionally, the FWHM broadening of NBE peak, observed in
Z2NPA-40s and Z2NHT-20s as compared to Z2 scaffold indicates the presence of fluctuations
in interface properties [255,256]. This effect was not seen in other heterostructures.
4.3.5. X-Ray photoelectron spectroscopy
The recorded XPS survey spectra of Z2 (Zn and O) and their corresponding het-
erostructures (Zn, Ni and O) revealed the presence of their characteristic peaks (not shown
here), without carbon contamination, as a result of suraface cleaning. The evolution of the
Zn2p, Ni2p and O1s core levels and valence band maximum emission line as a function of
the NiO deposition time are shown in Figure 4.19. The BE of Zn2p, O1s and VBMx were all
shifted towards lower values (Figure 4.19 and Table 4.13), due to NiO deposition and the
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change in the chemical environment. No clear trend was observed regarding the change in
intensities that could be related to the variation in NiO deposition time. However, the BE
shifts were used to extract information about the role played by temperature and deposition
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Figure 4.19: Zn2p (a), Ni2p (b), O1s (c) spectra and VBMx (g) shift for Z2NPA at 20, 40 and
60 s; Zn2p (a), Ni2p (b), O1s (c) spectra and VBMx (g) shift for Z2NHT at 20, 40 and 60 s. PA
- Post Annealing; HT - High temperature.
The Zn2p emission line was noticed to be centered in the range of 1020.94 - 1021.04
eV for PA films and 1021.16 - 1021.19 eV for HT series (Figures 4.19a and 4.19d), exhibiting
only a minimal shift. Similarly, a much lower shift in the Ni2p main, shoulder and NiSat
peaks were observed for the HT series (Figure 4.19e and Table 4.13).
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Moreover, no changes were noticed in the line shape of any of the core level lines
due to the temperature or deposition time, except for the O1s and Ni2p core level line
of Z2NPA-40s. For this sample, an increase in the O1s shoulder indicating more surface
hydroxyls (Figure 4.19c) and a mild increase in the Ni2p shoulder line along with a shift in
NiSat (Figure 4.18b) was noticed, compared to its 20 s and 60 s counterparts. Though the
reason behind this occurrence is not clear, it is obvious that the increase in Ni2p shoulder
line is correlated with the increase in the O1s shoulder peak.
Table 4.13: Sample Names and their respective binding energies of Zn2p, O1s, Ni2+ peaks,
band bending and FWHM values of Zn2p and O1s peak, for all heterostructured films;
all are expressed in units of electron volts(eV); 0.50 eV was added to the Vbb values of all
Z2 heterostructures, with respect to the shift of Zn2p line for Z2 scaffold in relation to the
reference material, Z1 scaffold.




20 s 40 s 60 s 20 s 40 s 60 s
Zn2p 1021.83 1020.95 1021.04 1020.94 1021.19 1021.16 1021.18
O1s 530.67 529.51 529.43 529.47 529.71 529.64 529.62
Ni2+ - 853.96 853.82 853.91 854.08 854.03 854.02
NiSat - 861.14 861.00 861.12 861.22 861.16 861.19
EF - VBMx 3.04 0.63 0.66 0.59 0.84 0.84 0.77
Vbb 0.50 1.38 1.29 1.39 1.14 1.17 1.15
FWHMZn2p 1.4 1.46 1.62 1.47 1.48 1.43 1.47
FWHMO1s 1.08 1.12 1.09 1.06 1.14 1.12 1.06
The broadening of Ni2+ peak in Z2NPA-20s could be attributed to the change in the nature
of bonding due to the post processing step (post annealing) for an incompletely grown
NiO [240,241]. Concurrently, the FWHM of O1s were observed to be gradually decreasing
from lower to higher deposition times in both PA and HT conditions and this could be
ascribed to the growth and bonding of oxygen with the involved metals (Zn and Ni) as a
function of time and temperature [270].
As observed in Section 4.2.4, observations here also indicate that NiO deposition at
high temperatures shows a larger EF-VBMx difference (0.77 - 0.84 eV, Table 4.12) compared
to post annealed deposition (0.59 - 0.66 eV, Table 4.12), which can be related to a better-
142 of 232
4 | CHAPTER 4. P TYPE-N TYPE NIO/ZNO HETEROSTRUCTURED THIN FILMS
defined stoichiometry. Based on the binding energy shifts of Zn2p, Vbb were estimated
(using equation 3.1 in Section 3.4) to be ranging from 1.14 eV to 1.39 eV (Table 4.12), with
higher values for the Z2NPA samples.
4.3.6. Pollutant degradation
The Ct/C0 vs. time was plotted and shown in Figure 4.20a, whereas the efficiencies




















Figure 4.20: (a) Ct/C0 vs. degradation time for Z2NPA and Z2NHT at varying NiO deposition
times (20, 40 and 60 s) in comparison to the Z2 scaffold and (b) bar graph representing the
degradation efficiencies for those samples. [PA - Post Annealing; HT - High temperature]
All the heterostructures performed either similar or worst than the Z2 scaffold.
This could be attributed to the tunnelling through the thin space charge layer (as concluded
previously in Section 4.2.5). When comparing the different NiO deposition conditions,
except for the 20 s deposition time, the Z2NPA samples performed better than their Z2NHT
counterparts, due to a better charge separation as indicated by the higher band bending
values.
Given that all the PA films have attained a minimum band bending of ' 0.80
eV (from XPS) suggest they should have similar charge separation capabilities, but the
performance was considerably lower for the 20 s as compared to the 40/60 s deposition
times. This suggests that the deposition time has influenced the growth of NiO and more
specifically the nature of Ni-O bonding as for the 20 s sample (broadening of the Ni2p main
peak (Ni2+) was observed).
The attained band bending were smaller for all HT samples with respect to PA
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films and hence, they would have been expected to have a lower performance. However,
Z2NHT-20s gave the highest performance and this could be ascribed to several factors: a
better defined stoichiometry, faster charge transfer due to the lower thickness, and increased
NBE emission due to the quantum confinement effect. Using longer deposition times will
result thicker NiO layers composed of higher crystallites and thus the loss of the quantum
confinement effect and increase in carrier diffusion path length, which cannot be compen-
sated by the improved interface (PL analysis shows that sample Z2NHT-60s has the lowest
FWHM value for NBE peak). These revelations altogether clearly demonstrates the ideology
of finding the essential factors that will influence the catalytic activities and their interdepen-
dance [242].
Conclusion
The interfacial and photocatalytic activity of the NiO/ZnO heterostructures were
tuned by varying the NiO deposition time for two (post)deposition temperature conditions.
Observations under TEM showed that the NiO layer thickness/particle size increases with
increase in deposition time. For low deposition times a very thin layer was formed, while
for longer deposition times (40 s), cubic particles were decorating the ZNR surface. At 60
s deposition time, in both PA and HT films, the NiO particles were branching out of the
ZNR surface, with overcrowding at the nanorod tip. At lower deposition times, the near
band edge emission was dominating, owing to the higher surface to volume ratio, thereby
the increase in quantum confinement effect that amounts to the increase in NBE efficiency.
The non-radiative surface recombination increased with longer deposition times, due to
increase in particle size and layer thickness. XPS results revealed that a higher band bending
could be attained for the post annealed films as compared to high temperature films but the
latter exhibited a better defined stoichiometry. However, most of the heterostructures were
performing either similar or below the Z2 scaffold, due to the tunnelling effect. The Z2NHT-
20s achieved highest photocatalytic efficiency by benefiting from several factors: increased
photogeneration of holes and reduced tunnelling effect with lower NiO thickness, effective
charge separation by faster charge transfer, improved stoichiometry and decreased surface
charge recombination due to quantum confinement. Thus a 20s NiO deposition time, at high
temperature was further used during the optimization.
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4.4. Influence of oxygen partial pressure
4.4.1. Experimental strategy
The impact of sputtering parameters on the Nickel Oxide (NiO) film properties
has been studied widely [6,264,271,272] and the influence of oxygen partial pressure (PO2) is
one among the parameters that had been explored [273,274]. The oxygen partial pressure
during the DC or RF sputtering of NiO is known to influence the structural, electrical and
optical properties of the films [275]. Especially, the surface morphology of NiO was shown
to be highly depending on the oxygen partial pressure [274]. Most of the previous reports
regarding the effect of oxygen ratio were concerning (doped) NiO [276], for sensor or electrical
applications. To our knowledge, the effect of PO2 on the heterostructure formation was not
studied for photocatalytic applications.
In this section, we are comparing two oxygen partial pressures (PO2), 6 and 20%, for
the deposition of NiO, in terms of interface properties (XPS), charge recombination effects
(XPS and PL) and pollutant degradation performance.
4.4.2. Sample description
Following the previous optimisation, the NiO was deposited at high temperature
for 20 seconds for lower PO2 (6%) and for 2 minute at higher PO2 (20%), in order to attain
the same layer thickness. The Z2 scaffold (cleaned surface) was used as main photocatalytic
material. Correspondingly, the heterostrcutures were denoted as Z2NHT-6% and Z2NHT-
20%
4.4.3. Transmission electron microscopy
Microstructural properties of Z2NHT-20% sample was investigated through TEM
and shown in Figure 4.21, in comparison with Z2NHT-6%.
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(a) (b)
Figure 4.21: TEM image of (a) Z2NHT-6%, (b) Z2NHT-20% [zoomed view in the inset]. HT -
High temperature.
The TEM image of Z2NHT-20% (Figure 4.21b) has shown the formation of cubic
particles (5 - 6 nm) that were decorating all over the ZNR surface, in contrary to what was
observed for Z2NHT-6% (Figure 4.21a, where a thin layer of 3 - 3.5 nm conformal coating
was observed, with no specific morphology.
4.4.4. Photoluminescence
The PL spectra of Z2NHT-20% is compared with that of Z2NHT-6% and Z2 scaf-
fold (Figure 4.22). Similar to previous results, both the NBE and DLE peaks of Z2NHT-6%
and Z2NHT-20% were mitigated after NiO deposition, indicating that charge recombination
was reduced. However, as a consequence of larger crystallite formation, Z2NHT-20% was
exhibiting a red shift and reduction in the NBE efficiency, deep level defects and FWHMNBE
(Table 4.14), as opposed to the Z2 scaffold and Z2NHT-6% films. This is translated into a
lower quantum confinement effect, increase in non-radiative surface recombination centers,
with however reduced interface fluctuations, meaning increase in the probability of higher
recombination losses.
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Figure 4.22: PL spectra of Z2, Z2NHT-6% and Z2NHT-20%.
Table 4.14: Sample codes and corresponding details from PL spectrum. INBE and IDLE values
were taken by calculating the corresponding area below the deconvoluted peaks (using a






FWHM of NBE (in
nm)
INBE/ITotal IDLE/ITotal
Z2 367 / - 40 0.21 0.78
Z2NHT-6% 380 / Red 52 0.10 0.20
Z2NHT-20% 385 / Red 24 0.03 0.13
The reduction in interface fluctuations (than Z2NHT-6%) could be correlated to the fact that
oxygen vacancy filling or compensation probability is higher under oxygen rich conditions
(Z2NHT-20%), thereby avoiding the interface roughness [255,256].
4.4.5. X-Ray photoelectron spectroscopy
The emission lines of Zn2p, Ni2p, O1s and valence band for all the samples (Z2
scaffold, Z2NHT-6% and Z2NHT-20%) are shown in Figure 4.23. The intensities of all core
level lines and VBMx lines for Z2NHT-20% were reduced with respect to Z2 scaffold due to
147 of 232
4 | CHAPTER 4. P TYPE-N TYPE NIO/ZNO HETEROSTRUCTURED THIN FILMS











1024 1022 1020 1018




















870 865 860 855 850


















534 532 530 528 526




















14 12 10 8 6 4 2 0










Figure 4.23: Zn2p (a), Ni2p (b), O1s (c) spectra and VBMx (d) shift for Z2 scaffold in
comparison with Z2NHT-6% and Z2NHT-20%. HT - High temperature.
All the emission lines of Z2NHT-20% were found to be shifted to higher binding
energy compared to those of Z2NHT-6% (Figure 4.23 and Table 4.15), as a result of increased
oxidative process under oxygen rich conditions. Moreover, the shift of NiSat to higher
binding energy at higher PO2 suggests the formation of Ni
3+ [274].
The O/Ni ratio were calculated (using equation 4.1 in Section 4.1.3, after Shirley
background and peak deconvolution) as 0.80 and 0.84 for Z2NHT-6% and Z2NHT-20% films
respectively, confirming the increase in oxygen incorporation, as expected.
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Table 4.15: Sample Names and their respective binding energy and FWHM values of Zn2p,
O1s, Ni2+ and NiSat peaks for all heterostructured films; all are expressed in units of electron
volts(eV); 0.50 eV was added to the Vbb values of all Z2 heterostructures, with respect to the




Zn2p (eV) 1021.83 1021.19 1021.24
O1s (eV) 530.67 529.71 529.85
Ni2+ (eV) - 853.08 854.27
NiSat (eV) - 861.22 861.34
EF - VBMx (eV) 3.04 0.84 0.87
Band bending - Vbb (eV) 0.50 1.14 1.09
FWHMZn2p 1.4 1.48 1.48
FWHMO1s 1.08 1.14 1.24
FWHMNi2+ - 1.17 1.17
The line shape of Zn2p the core level lines were not exhibiting any changes as a result of
increase in PO2 , except for broadening effects in the O1s core level lines (Table 4.15), which
might be attributed to the change in stoichiometry [270]. The band bending attained by the
Z2NHT-20% interface (1.09 eV) was lower than the one attained for Z2NHT-6% (1.14 eV,
Table 4.15). This leads to the understanding that the charge separation ability in Z2NHT-
20% has been compromised (in relation to Z2NHT-6%).
4.4.6. Pollutant degradation
The degradation efficiency was calculated according to equation 4.3 in Section 4.2.5
and the Ct/C0 vs. degradation time curves for Z2, Z2NHT-20% and Z2NHT-6% films are
plotted in Figure 4.24.
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Figure 4.24: (a) Ct/C0 vs. degradation time and (b) degradation efficiency plots for Z2,
Z2NHT-20% and Z2NHT-6%. [HT - High temperature]
The pollutant degradation rate of Z2NHT-20% (55%) was lower than that of Z2
scaffold (67%) and Z2NHT-6% (85%). This could be attributed to several factors:
i) though charge separation is enabled by the attained band bending, recombination
through tunnelling across the NiO layer (from PL) might have occurred, as noticed
in several other heterostructures, including Z2NHT-6% (as shown in Section 4.3.6)
ii) irrespective of the formation of active NiO (111) cubic particles, the larger crystallites
of 5-6 nm size has led to a decrease in the NBE efficiency due to increased non-radiative
surface recombination (from TEM, related to PL)
This explains the reasons behind lack of enhancement in the photocatalytic activity of Z2NHT-
20%, with an increase in oxygen partial pressure, during the NiO deposition.
Conclusion
NiO was deposited at high temperature, on the cleaned Z2 surface by using two
different oxygen partial pressures (6% and 20%). The NiO crytalline nature and size are
confirmed by TEM, where higher PO2 has led to higher crystallite sizes. The PL results
revealed that deep level defects were reduced but surface recombination was increased,
when higher PO2 was used during NiO deposition, owing to the larger crystallite size of
the second material (NiO). In addition, the elemental and chemical information from XPS
showed that for higher oxygen partial pressure a lower band bending is attained. These
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overall optical and electrical aspects were correlated to the lower photocatalytic activity.
4.5. Conclusion
In this chapter, we aimed to optimize the NiO deposition on the ZNR scaffold and
to do that we have investigated several parameters, such as the scaffold cleaning treatment,
the NiO deposition temperature, the oxygen partial pressure during deposition and the
deposition time. For each optimization step, the role of surface and interface properties on
the NiO/ZnO heterostructure formation and its influence on pollutant photodegradation
was investigated through XPS and PL analysis.
We have proven that heat treating the ZnO nanorods at high temperature (400◦
C), in presence of oxygen, under high vacuum (0.5 Pa), effectively removes the adsorbates
(C, -OH) and favours oxygen desorption, leading finally to a slightly depleted surface and
a less n - doped scaffold (Fermi level lowering), as confirmed by XPS and Mott - Schottky
measurements. The effect of surface cleaning is readily seen in the drop of the near band
edge and deep level emissions (PL) which prove the mitigation of the surface recombination
and oxygen vacancy passivation, thus leading to a higher photodegradation efficiency.
Using the cleaned scaffold has improved the interface quality as proven by the
higher band bending (XPS analysis) values, the reduced surface recombination and the
lower charge transfer resistance obtained for the heterostructures with NiO. Consequently
higher photocurrent and photo-degradation efficiency were obtained for these heterostruc-
tures. From a first view of XPS results (for 40 s deposition time), post-annealing (PA)
the NiO layer has a similar effect with the surface cleaning as both heterostructures with
pristine (Z1NPA) and cleaned (Z2NPA) ZNR scaffold show similar band bending. However,
the PL analysis highlights that even if the surface recombination contribution is same in
both heterostructures, it is the second one which has less interface fluctuations, thereby
allowing the transfer of more charge carriers to ZnO and thus boost the photodegrada-
tion activity. When both the bend bending and the near band edge emission diminish a
lower photodegradation efficiency is obtained, even if the thinner NiO layer should promote
charge carrier photogeneration, as it is the case of the heterostructures with cleaned scaffold
and high temperature deposited NiO (Z2NHT). The modest boost in the photodegradation
efficiency might be due to the non-radiative charge recombination by tunnelling through
the thin space charge layer which is related to the high ZnO doping.
With the NiO thickness variation, it was identified that, for deposition times ex-
ceeding 20s, the particle size and NiO layer thickness increased leading to the loss of the
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quantum confinement effect and increase in the carrier diffusion path, which instead leads
to promotion of charge recombination. Furthermore, a thicker NiO layer would block the
photogeneration of charge carriers in ZnO.
Even if a lower band bending and near band edge emission (as compared to post
annealed sample) is attained when depositing NiO (20 s deposition time) on the cleaned
scaffold (0.5 Pa, 400◦ C) at high temperature (400◦ C), 6% oxygen partial pressure, these
optimized conditions allowed attaining the highest dye degradation efficiency (85%) ever
reported for ZnO (1D nanostructured)/NiO heterostructures. In fact, the thinner NiO layer
(where NiO particles uniformly decorated the ZnO nanorods) with improved stoichiometry
allows the effective photogeneration of charge carriers and charge separation through the
quantum confinement effects and the mitigation of the tunnelling effect, while the optimum




In-situ water adsorption studies
5.1. Experimental strategy
Metal oxides, have a high tendency to interact with the exposed environment,
which makes them sensitive and thus ideal candidates for catalytic and energy related appli-
cations, where surface reactions play a major role [149,179,180]. Therefore, in order to improve
the material design for applications such as pollutant degradation and water splitting, one
has to understand the influence of surface properties on the interface formation with a
second material [277].
Given the complexities (study of interactions at the atomic or molecular level)
involved, among several available experimental techniques (listed and discussed in Section
1.8.3), X-ray photoelectron spectroscopy is often used for such investigations. The ability
to discriminate betweeen dissociated and molecular water [181], along with the possibility
to study the influence of adsorbed water on the heterostructure properties, makes XPS
a powerful tool. These studies are useful for optimizing single or heterostructure based
materials that participate in processes occurring in water media.
A plethora of earlier reports (both experimental and theoretical investigations)
about water interaction with metal oxides were concerning single crystalline materials, how-
ever the samples (or surfaces) that are used in technological applications are most often
polycrystalline and defect rich. The surfaces rich in adsorbates are ambient sensitive and
hence, need to be examined under ultra high vacuum (UHV) conditions. As mentioned
earlier in Section 1.8.3, the interaction of water with metal oxides is more complex than
with metals, becasue in metal oxides, both the metal cations and oxygen anions can bind
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with water, where the latter is usually known to facilitate water dissociation [183]. Among
metal oxides or non metallic surfaces, the interaction of water and the corresponding surface
reactions were investigated on TiO2, ZnO, MgO, NiO and Silicon surfaces [181,184].
The basic revelation from all the water interaction reports is that, upon surface
water (vapour) exposure, molecules can either be adsorbed or dissociated depending on the
strength of water-water or water-surface interactions and the availability of dangling -OH
groups.
The ability of zinc oxide nanorod to grow Zn and O atoms alternatively along the
c-axis (stacking opposite charged planes and producing a dipole moment in perpendicular
to the (0001) plane) makes it a polar surface [154,194,195]. This, along with the high probability
(on preparation by chemical route) of having vacancies or impurities influences the ZnO
interaction with water. In general, it is agreed that vacancies play a major role in the process
of water dissociation [188,197,198]. Heat treatment in the presence of oxygen, of an as prepared
ZNR surface, is capable of removing or passivating the impurities/defects forming layer(s)
of oxygen adatoms (oxygen atoms adsorbed to the surface on heat treatment in presence of
oxygen gas flow). This chemisorbed oxygen is considered to be very reactive in promoting
water dissociation [184,199], but is not widely studied. Hu et al [188] demonstrated theoreti-
cally (in parallel to experimental studies of Huang et al. [198] and Sun et al. [197]), that in the
presence of oxygen vacancies (VO) water dissociation is promoted.
Being a 1D nanostructure, zinc oxide nanorods (ZNR) are capable of having good
charge separation effects [93,200], however, in order to reduce surface charge recombination [55,201]
and to enhance the charge transfer characteristics [11,93,202–206], the ZNR scaffold was coated
with a thin layer of NiO, targeting photocatalysis and water splitting applications.
In case of Nickel Oxide (NiO), water interaction with (100) and (111) surfaces are
widely studied in earlier reviews [181,184]. The major revelations were that, water does not
dissociate on the (100) surface, especially under UHV conditions and that NiO (111) is ca-
pable of readily dissociating water. It was expected that -OH terminated NiO(100) obtained
through growth, could facilitate water dissociation, however, that is not the case [181,184].
Herein, we have studied the interaction of the ZNR scaffold (pristine and surface
cleaned) films and their heterostructures with NiO, with water vapour under ultra high
vacuum conditions, by using XPS, along with room temperature (RT) photo luminescence
(PL). The influence of the presence/absence of adsorbates on the bare ZnO, ZnO/NiO het-
erostructure surface and interface properties, before and after the water exposure was in-
vestigated by step-by-step in-situ XPS. In addition, the planar NiO/ZnO (heterojunction)
and NiO (bare) films, were also studied for comparison purposes. In addition, photolu-
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minescence investigations were carried out on ZnO scaffold and their heterostructures to
elucidate the influence of defect levels (especially deep defects) on band bending.
The interaction of water with metal oxide (semiconductor) polar surfaces and in
particular with polycrystalline nano structured ZnO and its heterostructures with NiO are
first time investigated here. Such a study finds a direct application in the design and op-
timization of materials for processes occurring in aqueous media such as photocatalysis or
water splitting.
5.2. Sample description
For comparison purposes, ZnO films prepared by both chemical (as explained in
Section 3.2, scaffold surfaces made of Zinc Oxide nanorods, Z1 and Z2) and physical (ZnO
planar film) methods were used as scaffolds. In addition, NiO deposition was done on bare
FTO. The deposition parameters for bare NiO and ZnO by physical method are detailed
below:
ZnO planar film growth - a 200 nm film was deposited on 1×1 cm2 Indium doped
Tin Oxide (ITO) substrates by Radio Frequency (RF) sputtering. The deposition rate was
2.8 nm/min for a sample to target distance (Dst) of 10 cm in the following conditions: PTot
- 0.5 Pa, Argon/Oxygen mix flow - 3 sccm, Argon flow - 7 sccm, room temperature (RT),
deposition time - 72 min, Power (P) = 25 W. These planar ZnO films were denoted as Z3.
NiO film growth - a 150 nm film was deposited on FTO substrate by Direct Current
(DC) sputtering. The deposition rate was 15 nm/min for Dst of 8 cm using the following
parameters: PTot - 0.5 Pa, Oxygen partial pressure (O2%) - 6%, RT, deposition time - 10 min,
P = 40 W. This bare NiO film was denoted as N.
Heterostructure preparation
NiO was deposited at room temperature, on all the ZnO surfaces (Z1, Z2, Z3) using
the parameters mentioned in NiO film growth (for 6% oxygen partial pressure in Section
3.4), but with different deposition times, as detailed in Table 5.1.
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Table 5.1: Sample Code and preparation details, for the scaffolds (Z1, Z2, N) and
heterostructures with Z1, Z2 and Z3 scaffolds.
Sample Code
Preparation Details
Surface Cleaning (at 0.5
Pa)










N (planar) No - -
Z1N1 No 40 7 - 10
Z2N1 Yes 40 7 - 10
Z2N2 Yes 20 3 - 5
Z3N1 (planar) No 16 4
Z3N2 (planar) No 8 2
Water exposure Study
The water exposure study was performed in the UHV chamber which is equipped
with a water flow system, in the Atomic Layer Deposition (ALD) set-up of DAISY-MAT
(detailed in Section 2.2). During the process of water exposure, water vapour at 40 ◦C was
introduced for 0.5 s for 15 cycles, with a waiting time of 60 s in between each cycle.
The step-by-step XPS analysis sequence was as follows:
1. XPS measurement of the scaffold surface before water exposure
2. XPS measurement after the NiO deposition (step followed only for heterostructured
films)
3. XPS measurement after the water (vapour) exposure
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5.3. Microstructural properties of the films
The detailed microstructural characterization of the samples can be found in Sec-
tion 4.1, 4.2 and 4.3. Briefly, Z1 and Z2 samples are formed of 250 nm long and 60 nm wide
nanorods with a medium packing density (Figure 5.1a). In case of the Z3 surface and NiO
film, rough layers of 200 nm thickness were obtained (Figures 5.1b and 5.1c).
(a) (b)
(c)
Figure 5.1: SEM image of ZNR (a), AFM images of N and Z3 (b and c) respectively.
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5.4. X-Ray photoelectron spectroscopy
The XPS survey spectra of all surfaces were recorded and showed only the presence
of characteristic emission lines (Zn, Ni and O) corresponding to ZnO and NiO. The spectra
of pristine (Z1) and surface cleaned (Z2) ZnO showed clearly developed Zn2p and O1s lines
and a valence band corresponding to ZnO (Figures 5.2a to 5.2f) [177], and in addition Z1
was identified with the presence of C1s peak, due to the film’s ambieance exposure. In
Section 4.1.3, we have shown that if the surface was cleaned (Z2), the Zn2p and O1s peak
intensities increased and the C1s peak disappeared, evidencing the impurities or adsorbates
removal [214]. Also with cleaning, a change in the doping of the ZnO layer occurred, as the
Fermi level (EF) situated above the conduction band (CB) minimum for Z1 [190,278] shifted
inside the bandgap. This correspond to the shift of the Zn2p peak, upto 0.48 eV towards
lower binding energy (BE) (Table 5.2) and a reduction in the Fermi level to valence band
maximum (VBMx) distance (EF - VBMx), from 3.47 eV for Z1 to 3.04 eV for Z2. In the case of
planar NiO film, the Ni2p core level (Figure 5.2g) was observed to have three contributions:
a main peak at 853.85 eV corresponding to Ni2+ in NiO, a shoulder peak (NiSh at 855.7 eV
and a satellite peak (Nisat) at 861 eV, where the shoulder peak indicates the presence of
Ni(OH)2 or NiOOH species [29,279]. The position of EF was found to be at 0.52 eV, which is
normal for a p-type material.
As a general rule, the BE of Zn2p, O1s, Ni2p and VBMx in all scaffold material
(Z1, Z2 and N) shifted towards higher values after water vapour exposure (Table 5.2 and
Figure 5.2) with consecutive diminution of their intensity. In particular, the shift of O1s and
VBMx lines towards higher BE and the mild reduction in the O1s peak intensity (Table 5.2,
the Figures 5.2b, 5.2c, 5.2e, 5.2f, 5.2h and 5.2i), are a proof of surface interaction with the
water molecules [190]. Surprisingly and contrastingly, the Zn2p peak (Figure 5.2a) shows
both a slight increase in intensity and a shift towards lower BE.
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Figure 5.2: Individual spectra of Zn2p, O1s and VBMx, for Z1 (a,b,c), Z2 (d,e,f) and Ni2p,
O1s and VBMx for sample N (g,h,i), before (BWE) and after water exposure (AWE), after
NiO deposition (AND).
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Table 5.2: Binding energy of the Zn2p, Ni2+, NiSh, Nisat, OL lines and EF - VBMx peaks before
and after water exposure for all the scaffold surfaces and their heterostructures. BWE, AWE
and AND stand for before, after water exposure and after NiO deposition.




BWE 1022.33 - - - 531 3.47
AWE 1022.25 - - - 531.00 3.50
Surface cleaned
(Z2)
BWE 1021.85 - - - 530.64 3.04
AWE 1022.41 - - - 531.08 3.48
Bare NiO on
FTO (N)
BWE - 853.85 855.70 861.00 529.45 0.52
AWE - 854.43 856.33 861.68 529.93 0.92
Z1N1
BWE 1022.20 - - - 531.00 3.45
AND 1021.19 854.06 855.75 861.24 529.60 0.67
AWE 1021.93 854.72 856.51 861.87 530.26 1.17
Z2N1
BWE 1021.73 - - - 530.53 2.95
AND 1021.00 853.90 855.54 861.04 529.45 0.53
AWE 1022.00 854.54 856.27 861.82 530.03 1.00
Z2N2
BWE 1021.70 - - - 530.43 2.90
AND 1021.03 854.00 855.61 861.10 529.50 0.51
AWE 1021.88 854.56 856.32 861.80 530.20 0.95
Z3N3
BWE 1021.62 - - - 530.36 2.72
AND 1020.71 853.94 855.61 861.09 529.45 0.54
AWE 1021.57 854.45 856.26 861.75 530.00 1.03
Z3N4
BWE 1021.61 - - - 530.30 2.70
AND 1020.91 854.03 855.66 861.15 529.53 0.66
AWE 1021.56 854.45 856.25 861.66 530.00 0.95
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The deconvoluted O1s spectra (before water exposure) of the Z1 sample (Figure 5.3a)
shows three contributions: the lattice oxygen (OL) at 531 eV, bonded hydroxyls (OOH) at
532.1 eV and physisorbed water (OH2O) at ' 533 eV
[190,278]. After the water exposure, the
OOH (531.6 eV) and OH2O (532.5 eV) lines were shifted towards lower BE (Figure 5.3b), with
a dominant contribution from OH2O.
As opposed to the Z1 scaffold, only two contributions, OL at 530.64 eV and OOH
at 531.9 eV were identified in the O1s peak of the cleaned ZnO surface (Z2) (Figure 5.3c).
Nevertheless, after water exposure (Figure 5.3d), the third contribution, OH2O (' 533 eV)
was also detected, while the former two were shifted to higher BE (Table 5.3).
For the NiO planar film, the OL (529.45 eV) and OOH (531.03 eV) contributions were
identified on the pristine surface (i.e, before water exposure step). Whereas after water ex-
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Figure 5.3: Deconvoluted O1s spectra for Z1 - without surface cleaning (a and b), Z2 - surface
cleaned (c and d) and N - planar NiO (e and f) film, for before and after water exposure
conditions respectively.
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After NiO deposition on the Z1 and Z2 scaffolds (sample Z1N1, Z2N1 and Z2N2),
the intensity of the Zn2p and O1s peaks diminished (Figures 5.4a, 5.4c, 5.4d and 5.4f and
Figures 8.11a and 8.11c in Appendix, respectively) and shifted towards lower BE (Table 5.3),
along with the appearance of the Ni2p peak. This confirms the junction formation between
ZnO and NiO. After water exposure, the Zn2p, Ni2p and O1s peaks were further reduced
in intensity but with a shift towards higher BE (Figures 5.4a to 5.4f , Figures 8.11a to 8.11c in
Appendix, respectively and Table 5.3), proving the surface interaction with water.
For the heterostructures with planar scaffold surface (Z3), (Figures 5.4g to 5.4i and
Figures 8.11d to 8.11f in Appendix), though the Zn2p, O1s and Ni2p core levels were identi-
fied in the same range as in the 1D scaffold and heterostructures, many features and observa-
tions were different. After NiO deposition, the intensity of Zn2p was reduced significantly,
the Ni2p peak was very intense and sharp for the small thickness (4nm) as compared to the
Z1 and Z2 heterostructures and the O1s peak was also intensified. Also, the intensity of Zn2p
after the water exposure step was mildly increased as opposed to the other heterostructures.
We believe that these particularities in the XPS for samples Z3N3 and Z3N4 are due to the
morphology of the scaffold i.e the planar surface was easily and fully covered by the NiO
layer, resulting in a higher concentration of NiO.
The EF position variation after each step, follows the same trend for all the ZnO/NiO
heterostructures (with both planar and nanostructured ZnO scaffold) i.e, it lowers after NiO
deposition and raises back after water exposure, corresponding to a shift of the VBMx line
towards lower BE and then back again toward higher BE, respectively (Table 5.2 and Figure
8.13 in Appendix).
The shifts in the core level BE of Zn2p following the different steps provides infor-
mation about the amount of band bending (Vbb) at the interface. As observed in Table 5.3,
after the water exposure, Vbb partial band flattening (Z1N1), near flat band (Z3N3 and
Z3N4) [232,280], or even accumulation conditions (Z2N1 and Z2N2) were observed [190,232,281].
This is detrimental for processes like photocatalysis, as band flattening will encourage sur-
face recombination.
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Figure 5.4: Individual spectra of Zn2p, Ni2p and O1s core levels, for Z1N1 (a - c), Z2N1 (d
- f) and Z3N3 (g - i). before (BWE) and after water exposure (AWE), after NiO deposition
(AND).
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Table 5.3: Band bending(Vbb), full width half maximum (FWHM) values of Zn2p and O1s
emissions and OOH/OH2O ratio at varying steps - as given for all the samples. before (BWE)
and after water exposure (AWE), after NiO deposition (AND). For all heterostructures, the
Vbb values are represented as xx (yy), where the value without parantheses correspond to
estimation from Zn2p BE shift and the value in parantheses correspond to the remaining







Zn2p (in eV) OL (in eV)
Z1 - Without
BWE - 1.53 1.08 0.55
surface
cleaning
AWE 0.02 1.53 1.02 0.16
Z2 - Surface
BWE 0.48• 1.38 1.07 -
cleaned AWE 0.56 (-0.08) 1.58 1.02 0.51
N - Bare NiO
BWE - - 0.99 -
AWE 0.59 - 1.07 -
Z1N1
BWE - 1.44 1.00 0.62
AND 1.01 1.50 1.27 -
AWE 0.74 (0.27) 1.43 1.31 0.29
Z2N1
BWE - 1.39 1.06 -
AND 0.73 1.52 1.07 -
AWE 1.00 (-0.27) 1.59 1.19 0.36
Z2N2
BWE - 1.39 1.03 -
AND 0.67 1.44 1.26 -
AWE 0.85 (-0.18) 1.45 1.37 0.48
Z3N3
BWE - 1.48 1.10 -
AND 0.91 1.60 1.00 -
AWE 0.86 (0.05) 1.48 1.15 -
Z3N4
BWE - 1.51 1.09 -
AND 0.70 1.39 1.12 -
AWE 0.65 (0.05) 1.46 1.20 -
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As for the scaffold, the O1s core levels of the Z1, Z2 and Z3 heterostructures were
deconvoluted (Figure 5.5 and Figure 8.12 in Appendix) and the OOH/OH2O ratios were
calculated (Table 5.3) and the following overall conclusions were drawn:
i). The scaffold Z1 and Z2 and their heterostructures Z1N1, Z2N1 and Z2N2 show the
presence of the three contributions, after water exposure (OL - [530.03 - 531.00 eV],
OOH - [530.96 - 531.95 eV] and OH2O - [532.02 - 532.93 eV]), confirming the water
dissociation.
ii). The OOH contribution is not detected on the surface of heterostructures Z3N3 and
Z3N4 and of the scaffold N, clearly indicating that water dissociation was not favoured
on these surfaces.
iii). Surface cleaning leads to a better water dissociation - the OOH/OH2O ratio is the highest
for sample Z2 among all the other samples.
iv). The water dissociation capability of the Z2 heterostructures decreases with increasing
NiO thickness.
The full width half maximum of Zn2p and O1s emission lines were obtained for
all samples and at all the steps involved, in order to elucidate the change in line width and
its relation to the surface reactions on water interaction. Because, the broadening effect
( in addition to the binding energy shifts) is associated with the chemical state changes
in the surface atoms [282]. Herein, the change in chemical state occurs as a result of water
interaction (despite the broadening observed on NiO deposition during the second step of
water exposure study, in case of heterostructures) and thus related to the molecular water
adsorption or dissociation. The observations discussed below are in agreement with the
reports by Xueqiang et al [282–284], where broadening effects in the metal and oxygen emission
lines (in the single crystalline surfaces), as a consequence of water interaction was observed.
Among the ZnO scaffolds, Z1 and Z2, the broadening effect was not seen in the lat-
tice oxygen (OL) line, whereas it was observed for the Zn2p emission (only in Z2, Table 5.3).
This indicate that the change in the chemical environment was around the surface of Zn
atoms and that the contribution from oxygen is coming from the lower-laying layers. With
the planar NiO film, though the FWHM of Ni2+ peak was not significantly affected, that of
OL was broadened (Table 5.3) confirming the adsorption of water molecules, in agreement
with the deconvolution of O1s emission line which showed the presence of OH2O.
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Figure 5.5: Deconvoluted O1s Spectra for Z1N1, Z2N1 and Z3N3. before (BWE) and after
water exposure (AWE), after NiO deposition (AND).
In case of ZNR based heterostructures, the broadening effect in Zn2p emission line
was either not seen (for Z1N1, scaffold without surface cleaning) or less pronounced (with
respect to Z2 scaffold, for Z2N1 and Z2N2, scaffold with surface cleaning), which is because
they lay under NiO layer and that their contribution is limited. The FWHM of OL line was
broadened (Table 5.3) in all the above cases but more pronounced in Z2 based heterostruc-
tures (Z2N1 and Z2N2). The higher broadening effect for Z2 based heterostructures, is in
agreement with the higher OOH/OH2O ratio, which indicating better water dissociation as
compared to all the samples studied. The broadening effect was also noticed in the planar
ZnO (Z3) based heterostructures, where the effect was predominant for thicker (Z3N3) NiO
166 of 232
5 | CHAPTER 5. IN-SITU WATER ADSORPTION STUDIES
layer, compared to lower one (Z3N4) [Table 5.3] and this could be related to the different
morphology of the heterostructure involved. Because, this was in contrary to the broadening
effect observed for the Z2 based heterostructures, where the thickness of the NiO layer did
not have an influence.
In addition, the chemical changes in the surface of NiO structure as a result of
water interaction, were investigated by performing difference spectra (Figure 5.6) between
Ni2p emission lines that was obtained after NiO deposition and water exposure steps, for
planar NiO and all the NiO/ZnO heterostructure films. As mentioned earlier, the nature
of the surrounding atoms will strongly influence the emission line and in case of Ni2p
spectra, when the broadening of the main line is accompanied by the broadening of satellite
peak and increase in intensity [285,286], this could be related to the charge transfer from the
neighbouring atoms, here oxidation [29].
For planar NiO, as well as for all the heterostructures, the difference spectra dis-
played broadening of both the main line and the satellite peak, along with a decrease in
intensity of the main line, and an increase in the intensity of shoulder and satellite peaks.
Both these effects were observed to be influenced by factors like morphology, NiO thick-
ness and scaffold surface (in case of heterostructures). On water interaction, for the ZNR
based heterostructures the broadening and intensity variation effects, were determined by
whether the scaffold surface was uncleaned (Z1N1, mild effect, Figure 5.6a) or cleaned (Z2
heterostructures, significant effect), in addition to the role played by the NiO thickness
(Z2N2 with thin NiO layer had a significant effect compared to Z2N1 with thick NiO layer,
Figures 5.6b and 5.6c). This would mean that charge transfer between the NiO layer and
adsorbed water molecules was higher for the heterostructures based on clean ZNR scaffold
and thinner NiO layer. In contrary, these effects were noticed to be increasing with an
increased NiO content, in case of planar (hetero)structures, where Z3N4 with thin NiO layer
had a mild effect (Figure 5.6d) while Z3N3 with thick NiO layer and planar (bulk) NiO
displayed a noticeable effect (Figures 5.6e and 5.6f). This clearly demonstrates that the water
interaction and the resultant change on the surface of NiO are morphology dependent.
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Figure 5.6: Difference spectra of Ni2p between after NiO deposition (AND) and after water
exposure (AWE) steps. Shirley background subtraction was done and the spectra was
shifted towards same binding energy (of main emission line, Ni2+).
Among all heterostructures, the predominant broadening effect in the Ni2p spectra
of Z2N2 revealed an enhanced charge transfer between the neighbouring atoms. This, along
with the observed binding energy shifts and the higher OOH/OH2O ratio indicates effective
water dissociation. Whereas, in all other heterostructures, though the broadening effect
was noticeable, it could be ascribed to the hydroxides present prior to water exposure or
molecularly adsorbed water (after water exposure), since they exhibited only a mild or lack
of water dissociation.
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Figure 5.7: PL spectra of the Z1 (a), Z2 (b) and Z3 (c) scaffolds and their respective
heterostructures. NBE - Near bandedge emission and DLE - Deep level emission.
The photoluminescence spectra of the ZnO scaffold surfaces (Z1 and Z2) showed
the presence of two contributions, a narrow UV emission in the 380-390 nm range and a
broad visible emission in the 450-750 nm range [17,157,208]. As already presented in Section
4.1.5, the former is termed as near band edge emission and this occurs either due to band-
band transitions (photo induced electron in CB recombining with holes in VB) or elec-
tron/hole or electron/traps recombination; whereas the latter is termed deep level emission
and appears due to recombination with deep level traps or defects. The trap levels closer
to CB are zinc vacancies and interstitials (VZn and Zni) and the deep level defects comprise
the oxygen vacancies and interstitials (VO and Oi). Among the films that were investigated
here, Z1 and Z2 were found to have both near bandedge and deep level emission regions
while the scaffold Z3 was noticed to have stronger near bandedge emission and only a mild
contribution from Zni, Oi and VO (Figure 8.14 (a - c) in Appendix). When comparing Z1 and
Z2, it is clear that the surface cleaning has removed the surface vacancies and thus reduced
the surface and bulk recombination, with both near bandedge and deep level emission
peaks being lower in intensity (Figures 8.14a and 8.14b in Appendix). Both ZNR based
heterostructures (with scaffold Z1 and Z2) and the planar heterostructure (with scaffold Z3)
films had significant reduction in the intensity of near bandedge emission along with the
reduction/suppression of the deep level emission region after NiO deposition (Figure 5.7).
However, for the in-situ scaffold surfaces (Z2 and Z3), longer NiO deposition times (Z2N1 -
' 7 nm and Z3N3 ' 4 nm) led to an enhancement in the NBE emission. Moreover, the band
distribution of the NBE peak (a shoulder is observed for the Z3 counterparts), indicates that
the deep level defects are still present.
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It is important to notice that sample Z2N2 which has the lowest vacancy contri-
bution has the best water dissociation properties among the ZNR based heterostructures.
However it is still the bare scaffold Z2 which dissociates water better. In fact, the higher sur-
face concentration of VO in Z2 might be coming from the ambient exposure (during sample
transfer to PL instrument), exposure which is avoided for Z2N2 when NiO is deposited. The
reduction of deep level emissions in both 1D structured and planar based heterostructures
implies that the prevention of bulk recombination due to the deep levels (VO and Oi) was
effective irrespective of material’s structure [175].
5.6. Band bending at the interfaces and band alignment on
water exposure
The EF of pristine ZNR (Z1) (at 3.47 eV, Table 5.2) lies above the CB, revealing
excess electrons i.e an accumulation layer [190,287] at the surface (Figure 5.8a), with negligible
change after the water exposure (Figure 5.8a). Once the surface was cleaned (Z2), the
EF (at 3.04 eV, Table 5.2) was lowered below the CB, leading to electron depletion [287] at
the surface(Figure 5.8b). After water exposure, its EF was again above the CB minimum,
revealing the presence of an accumulation layer at the surface (Figure 5.8b).
The EF of pristine NiO was initially found to be 0.52 eV (Table 5.2) above the VBMx
and after water exposure, a depletion layer was formed (as shown in Figure 5.8c).
(a) (b)
(c)
VBB at before water exposure step Changed VBB at after water exposure step
Figure 5.8: Schematic band alignment of the scaffolds (Z1, Z2 and N), before and after
water exposure; (a) Z1 surface with initially an accumulation layer, showing increase
in accumulation after water exposure (b) Z2 surface with a depletion layer after surface
cleaning and then showing accumulation after water exposure and (c) N surface showing
depletion after water exposure step. Vbb values shown in figures correspond to the red
dotted line, that represent the remaining band bending, after water exposure.
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As a proof of water interaction, the intensity of all individual peaks from the XPS
spectra were diminished and a shift towards higher BE was observed, irrespective of the
sample structure or NiO thickness, inversely to what happened after NiO deposition. By
tracing the shifts in the Zn2p BE, through all the steps (shown in Figure 5.9) for all the
heterostructures, informations on interface parameters could be extracted. To enable bet-
ter understanding about each case of the samples discussed (in this chapter), in regard to
the BE shifts in Zn2p emission lines and also the influence in band bending at each step
of the water exposure study, the Vbb values of Z2 heterostructures were not determined
with respect to the shift of Zn2p line for Z2 scaffold in relation to the reference material,
Z1 scaffold (Whereas, in all the previous chapters, Vbb values of all Z2 heterostructures
were determined in relation to the reference material, Z1 scaffold). This was also because



































Figure 5.9: Binding Energy Vs Steps involved water exposure study for heterostructures
Before water exposure, the initial position of Zn2p core level was strongly influ-
enced by whether the surface was not cleaned (Z1, Z1N1, 1022.23 - 1022.33 eV) or surface
cleaned (Z2, Z2N1, Z2N2, Z3N3 and Z3N4, 1021.61 - 1021.85 eV). From Figure 5.9 we can see
that, heterostructures based on the Z2 and Z3 scaffolds have a similar Zn2p BE, as they were
prepared in-situ (values of Vbb before water exposure step in Table 5.3). However, in case
of the Z3N3 and Z3N4 planar heterostructures a significant difference in the attained band
bending is observed, corresponding to a small variation in NiO thickness. In contrast, the
ZNR based heterostructures showed significant change in band bending due to the influence
of surface cleaning and only minor changes due to the variation in the NiO thickness (the
Zn2p BE values of Z2N1 and Z2N2 after NiO deposition almost superimposed, Figure 5.9)
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(a) (b)
(c)
VBB at after NiO deposition step VBB at after water exposure step
Figure 5.10: Band alignment after NiO deposition, before and after water exposure for (a)
Z1N1 (partial band flattening) (b) Z2N1 (accumulation of electrons) and (c) Z3N3 (partial
band flattening). Vbb values corresponding to the red dotted line represent the remaining
band bending, after water exposure.
. After the water exposure step, the Zn2p core level shifted towards higher BE for all the
heterostructures. In case of the heterostructures based on ZNR scaffold, Vbb of 1.01, 0.73
and 0.67 eV were obtained for Z1N1, Z2N1 and Z2N2 respectively (Table 5.3, Figures 5.10a
and 5.10b, Figure 8.15a in Appendix). After the water exposure step, the attained Vbb
was reversed, leading to a partial band flattening conditions (in case of Z1N1, Table 5.3,
Figure 5.10a) or even accumulation (in case of Z2N1 and Z2N2, Table 5.3, Figure 5.10b and
Figure 8.15a in Appendix). On comparing the evolution of the band bending and OOH/OH2O
ratios at varying steps, one can clearly see that both the surface and interface properties are
influencing the water dissociation process. Among the ZNR based heterostructures, Z2N2
had the highest OOH/OH2O ratio corresponding to a minimum electron accumulation layer
after water exposure, indicating that water dissociation process was favoured.
Concurrently, the planar heterostructures Z3N3 and Z3N4 which showed Vbb of
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0.91 and 0.7 eV (Table 5.3, Figure 5.10c and Figure 8.15b in Appendix) respectively, exhib-
ited nearly flat band conditions after the water exposure step leaving behind only 0.05 eV,
(Table 5.3, Figure 5.10c and Figure 8.15b in Appendix) of band bending from the previously
attained values. This along with the absence of OOH component were corroborated with the
poor water dissociation properties.
The water dissociation properties observed for Z1 and Z2 are in contrary with
the results of Hu et al [188] who demonstrated theoretically (in comparison to experimental
studies of Huang et al. [198] and Sun et al. [197]), that the presence of VO increased the number
of binding sites for incoming water molecules. Our studies have revealed that the removal
of the VO (Fermi level shifted inside the bandgap and upward band bending) has enhanced
the water dissociation process which is confirmed by the higher OOH/OH2O ratio after water
exposure, on the surface cleaned Z2.
This contradiction was also addressed by John et al. [193] where they were com-
paring the surface characteristics of ZnO in UHV/DFT and ambient pressure XPS studies.
They agree that OOH and OH2O co-exist on almost all films in UHV conditions but found
some discrepancies when comparing with the ambient pressure results, highlighting the
importance of experimental conditions.
5.7. Pollutant degradation
The Ct/C0 vs. degradation time curves for all scaffold and heterostructure films
are plotted in Figure 8.14a and the degradation efficiency (calculated according to equation
4.3 in Section 4.2.5) values are plotted in Figure 8.14b. The degradation efficiencies of Z1
[54%] and Z2 [67%] scaffold films were higher than bare NiO [14%] (Figure 5.11), indicating
that 1D nanostructure without adsorbates is an effective scaffold surface for performing the
photocatalytic degradation, in agreement with water exposure results.
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Figure 5.11: Ct/C0 vs. degradation time curves (a) and degradation efficiencies (b) for
Z1 (without surface cleaning), Z2 (surface cleaned), their corresponding heterostructures
(Z1N1, Z2N1 and Z2N2), planar NiO (N) and planar NiO/ZnO heterostructures (Z3N3 and
Z3N4). Degradation study was conducted for 3 samples of scaffold Z1 (without surface
cleaning) and resulted in an error bar of ±2%.
The efficiency values (Figure 8.14b) obtained here were found to be, certainly in
agreement with what was noticed for each of them after water exposure with respect to
their water dissociating capabilities. While all Z1 and Z2 based heterostructures showed
less or comparable performance with respect to their scaffolds, the planar NiO (N) and the
NiO/ZnO heterostructures based on planar ZnO (Z3) showed poor performance irrespec-
tive of the NiO thickness. The poor degradation efficiencies of N, Z3N3 and Z3N4 could
be attributed to the lower specific surface (planar scaffold), along with the partial band
flattening after water exposure and charge recombination due to deep level defects.
Despite the observations of band bending (meaning, charge separation at the inter-
face) both Z1N1 and Z2N1 were seen to have lower efficiency with respect to their scaffold,
no matter the presence or absence of adsorbates on the scaffold surface. This is more contra-
dictory for Z2N1, for which the NBE emission was enhanced. However, its dissociation ca-
pabilities was better than Z1N1, explaining the improved degradation efficiency compared
to Z1N1. Whereas, for Z2N2, whose NiO layer thickness was ' 2.5 nm (based on TEM
image, not shown here), both NBE and DLE emissions were significantly reduced (relative
to Z2 scaffold and Z2N1) and showed a higher OOH/OH2O ratio which corresponds to a
mild improvement in the degradation efficiency, with respect ot Z2 scaffold. This could be
related to the significant reduction in deep level defects. The overall modest improvement
in the degradation efficiency after heterostructure formation indicates the probability of
recombination across the NiO layer, as detailed in Section 4.2.4. The champion efficiency
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obtained for the Z2 scaffold could be attributed to the presence of both adsorbed oxygen
and hydroxide layer (after its exposure to ambience, as discussed in Section 4.2.5, which
corresponds to the actual surface exposed to pollutant degradation).
The correlation between XPS, PL and pollutant degradation revealed that improv-
ing the ability to dissociate water promotes the degradation process (being a hole dependent
process).
5.8. Conclusion
The water interaction studies were successfully performed on Zinc Oxide nanorod
(ZNR) based scaffold and heterostructures (with NiO). For comparison purposes, the same
analysis were performed on the planar NiO and NiO/ZnO heterostructures based on planar
ZnO. In case of scaffold films, water exposure resulted into the shift towards higher binding
energy, for all the emission lines (Zn2p (ZnO) or Ni2p (NiO), O1s and VBMx), along with a
reduction in intensity, all of which serve as a proof for water interaction at their surface. In
case of heterostructures based on surface cleaned ZnO (Z2), the effect of adsorbate removal
was noticed in the attained band bending (Vbb), where NiO deposition (of 10 nm) on ZnO
surface without cleaning, Z1 [Z1N1] led to a 1.01 eV of band bending and to a lower value
(0.73 eV) when deposited on Z2 [Z2N1]. In terms of NiO layer thickness (Z2N1 vs. Z2N2),
the effect was minimal (Vbb - 0.73 vs. 0.67 eV). Whereas, when the planar ZnO (Z3) was
used as a scaffold, a relatively significant difference (0.21 eV) in band bending was observed,
which correspond to a 2 nm variation (between Z3N3 and Z3N4) in the NiO thickness. The
photoluminescence spectra of all the heterostructures, revealed the reduction in the deep
level emission, indicating the mitigation of the bulk recombination irrespective of material’s
structure. For Z2N1 and Z3N3, the near band edge emission was found to be increased
(than their respective scaffold and relative heterostructures), suggesting that recombination
through the NiO layer might be higher in these cases. After the NiO deposition and water
exposure, the Zn2p, O1s and Ni2p emission lines diminished and shifted towards lower and
higher binding energy, respectively. Interestingly, our study shows that on water exposure,
the Vbb of the NiO/ZnO heterostructures (with both planar ZnO and ZNR based scaffold)
exhibited partial band flattening or (almost)flat-band and even accumulation conditions.
Concurrently, the heterostructures which showed near flat band conditions also exhibited a
poor water dissociation (hydroxides were not even identified on the surface for bare NiO
and planar heterostructures), corresponding to the lowest photodegradation efficiencies.
The 1D nanostructured scaffold without adsorbates (Z2) and its heterostructure with a thin
NiO layer showed the best water dissociation capabilities along with along with the main-
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tained band bending explain the improved photodegradation performance with respect to
the Z1 counterparts. Therefore, we have provided experimental evidences that a scaffold






The lab scale experiments are not always easy to implement at pilot scale for any
new technology in the view of commercialization. For this reason, an upscaling test was
further implemented at our industrial partner, Aquatic Science. Aquatic Science, among
their other products and services, provide solutions for water filtering or purification for
ornamental ponds, swimming pools and fish tanks. Their solutions for water purification
include products based on nanomaterials and heterogeneous photocatalysis. Two types of
modules were tested, for quality control calibration using the standard nano-TiO2 that is
already part of their commercial product and the other one allowed the comparison of TiO2
(purchased and coated on steel plates) with ZnO (nanorod based thin films, prepared as
optimized in Chapter 3).
6.2. Material description
TiO2 preparation - The commercially purchased TiO2 solution and isopropanol
were used at 1:1 ratio, to prepare 1.4 mL solution. This was then sprayed from a top nozzle,
on the inner walls of the cylinder (Figure 6.3a, in next section), reaching a thickness of 100
nm (which amounts to ' 0.002 g/cm3). The cylinder was then dried in an oven at 200◦ C,
for 15 mins.
ZnO preparation - The ZnO nanorod were grown on FTO substrates of 4 × 4
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cm2 dimensions and used in module 2 (Section 6.4). The ZnO nanorod growth was done
following the same protocol as the one used for the smaller dimension substrates (detailed
in Section 3.2), except for the seeding layer which was prepared by ultrasonic spray pyrolysis
(USP) method. This is because of the substrate size restriction coming available with the spin
coating equipment available. The nanorod growth was confirmed through SEM observation
(not shown here), with a final layer thickness of 250 nm (amounting to ' 0.007 g/cm3).
6.3. Module 1 - UVSynergy 10
Module 1 is based on the industry’s commercialized reactor called UVSynergy 10.
It consists of a steel cylinder (area 7540 cm2, diameter = 40 cm and height = 40 cm), which
is provided with a nozzle at the top (Figure 6.1), that can allow a 360◦ spraying angle. The
structure of this nozzle is extended like a shell, down upto 3/4th of the cylinder’s height.
The cylinder is also provided with two other openings/inlets, one to the top left and the
other to the bottom right, to which the tubes were connected, to enable the water flow. Two
connecting tubes are attached to the flow regulating motor, that was working at a flow speed
of 5300 mL/min.
Figure 6.1: Schematic of module 1 - UVSynergy 10, the water flow setup used for
RhodamineB degradation.
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The UV lamp used was a monochromator (λ max = 365 nm) with ' 3-4 mW/cm2
irradiance and the lamp to photocatalyst (inner wall of the cylinder) distance was ' 5 cm.
The power of the UV lamp was measured using a solarmeter (model 5.0), which had a
spectral response in the wavelength range of 280 - 400 nm (peak response at 370 nm), with
an accuracy of ± 5%. The volume capacity of the cylinder (including the solution necessary
to fill the connecting tubes), was measured to be 6430 mL and the same was utilized for all
the degradation tests done using module 1. For comparison purposes, cylinder with and
without TiO2 coating were tested. Every 20 minutes, aliquots of dye solution were collected
through the outlet (no. 7 in Figure 6.1) and analyzed in UV - VIS spectrophotometer.
6.4. Module 2 - Three compartment based water flow
Module 2 was prepared from one of their older testing product and was based on
three compartments (made up of steel), as shown in Figure 6.2. Each compartment was
built from square plates (whose inner side was provided with stripes that can be used to
fix to the other plate) to form a cubic structure with its top side open. An UV (LED) lamp
that operates at a wavelength of 280 nm (obtained from GD Tech) was fixed to the top of
the middle compartment, below which a quartz plate was placed as the cover, whereas the
bottom of the middle compartment constituted the photocatalyst used for testing. Thereby
allowing the UV irradiation to reach the photocatalyst pollutant system, in this setup. The
power of UV light used was observed to be 2 - 3 mW/cm2, determined with the help of
solarmeter, as detailed in Section 6.3. And the distance between the lamp surface and the
photocatalyst surface was measured as '5 cm, similar to that in module 1. The other two
compartments were closed with poly vinyl chloride (PVC) plates. Each compartment was
separated by a separator (which had several holes to it), thereby enabling the flow of water
between the compartments. Each and every piece of the compartment(s) used for building
the module were joined together with the help of Silicon paste.
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Figure 6.2: Three compartment based water flow setup for RhodamineB degradation.
The outer end plates of the module was provided with nozzles, to which one end of
the tubes were connected in order to allow the flow of water. The other end of the connecting
tubes were then fixed to a flow regulator that was capable of producing a 750 mL/min flow.
However, it should be considered that the compartments are provided with the separators
that have holes and this configuration will modify the speed of water flow within the com-
partments. This module was capable of holding ' 1000 mL of the pollutant solution. As
mentioned earlier, the plate that constituted the bottom of the middle compartment was
used to fix the photocatalyst and the tests were done in three configurations:
1. steel plate, without coating
2. steel plate coated with TiO2 (using the same coating procedure as used in module 1)
3. ZnO nanorod grown FTO substrates were placed on top of the steel plate (without
coating)
The other two compartments were always having the bottom plate which was without any
photocatalyst, since no light irradiation is provided in those compartments.
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As for module 1, the flow regulator was provided with an outlet nozzle, through
which aliquot solutions were collected every 20 minutes during the degradation test and
examined with the UV-Visible spectrophotometer.
6.5. Pollutant degradation
The RhodamineB protocol, that was employed in lab-scale experiments (detailed
in Section 8.1.4.1. in Appendix) was implemented here as well. Solutions of varying concen-
tration (1.25µM, 2.5µM and 5µM) were prepared from the stock solution (20µM (10 mg/L)),
for pollutant degradation tests using both module 1 and module 2. For TiO2 coating related
tests, the pH was adjusted to '7, in relation to the point of zero charge for TiO2. For the
same reasons, the pH for ZnO based tests was adjusted to '8. The RhB absorbance was
monitored using an UV-VIS measurement system, "Spectra max plus 384" (for RhodamineB,
the absorbance occurs at 554 nm). These values were further used to calculate the unknown
concentration of the solution (as described in Section 8.1.4.1. in Appendix) and also for
calculating the degradation efficiencies using equation 4.3 in Section 4.2.5.
For module 1 - The following degradation experiments were carried out (notation
in parantheses indicate the sample names with which they are noted in Figure 6.3):
1. with TiO2 coating
I RhB solution, 1.25 µM [test was performed on TiO2 coating that was annealed at
160 ◦ C (T1) and 200 ◦ C (T2), respectively]
I RhB solution, 2.5 µM (T3)
I RhB solution, 5 µM (T4)
2. without TiO2 coating
I RhB solution, 1.25 µM (T5)
I RhB solution, 5 µM (T6)
All cylinders were annealed at 200 ◦ C, except for this, "T1".
The degradation curves and the photodegradation efficiencies (after 160 minutes)
obtained for varying testing conditions on module 1 are represented in Figures 6.3a and 6.3b,
respectively.
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Figure 6.3: (a) Ct/C0 vs. degradation time for with and without TiO2 coating, tested using
varying RhB concentrations.
1. For the TiO2 coating, tested with 1.25 µM (T1 and T2), the RhB concentration was
degraded to almost half, in the first 20 minutes of light irradiation, but saturated after
that; no difference in performance was noticed by varying the drying temperature
involved in TiO2 coating process.
2. T3 - For the RhB concentration of 2.5 µM, degradation to more than half of the initial
concentration occurred in the first 30 - 40 mins of light irradiation, and the highest
efficiency of 75% was reached, among all the other concentrations tested.
3. T4 - For higher RhB concentration, the solution was degraded to half the initial con-
centration after 1 hour of light irradiation.
Module 1 that was tested without photocatalyst coating, for 1.25 (T5) and 5 (T6) µM
of RhB concentration - did not show any degradation during dark and under light
irradiation for 20 mins. However, after this timeline, there was a slow and gradual
reduction in the concentration of RhB, reaching half of the initial concentration and
an efficiency of upto ' 60% was observed, irrespective of the initial concentration
involved.
These observations lead to the assumptions that, in case of cylinder without coating, under
continuous exposure, the light source alone was capable of degrading the pollutant. This
phenomena is contrary to the observations from lab scale experiments, where no change in
concentration was observed after 3 hours of light irradiation. The possible factors that could
have led to the degradation of RhB in the absence of photocatalyst in module 1 is, the light
to solution distance and the water flow system that would have enabled high probability of
light-pollutant interaction.
182 of 232
6 | CHAPTER 6. INDUSTRIAL IMPLEMENTATION
Moreover, in case of coated cylinders, at all RhB concentration levels, the degrada-
tion efficiency was observed to be saturating after the first 20 (1.25 µM solution) or 60 (2.5
and 5 µM solution) minutes of light irradiation. This might be attributed to the temperature
building up inside the cylinder with the increasing exposure time. Because, increase in
temperature is known to induce charge carrier recombination at the photocatalyst surface,
thereby limiting the efficiency that could be attained [51]. This might be probably avoided by
introducing a cooling system.
Overall, the coated cylinder attained the highest photodegradation efficiency (75%),
when using a 2.5 µM RhB solution, in 20 - 40 min of degradation time.
However, given that the size of the bottom plate that holds the photocatalyst in the
compartment is about 7.2 × 7.2 cm, the ideal amount of solution to be used for treatment
should be about 700 - 750 mL. But the volume capacity in module 2 is ' 1000 mL, which
will increase the amount of pollutant that the photocatalyst will deal with. Therefore, to
avoid further complications, a lower RhB concentration, 1.25 µM was used for the tests with
module 2.
Tests using module 2 - Degradation experiment was carried out as follows:
1. without photocatalyst, denoted as without coating
2. with TiO2 coating, prepared and annealed under the same conditions as described in
module1, denoted as TiO2
3. with ZnO nanorod films, denoted as ZNR - run 1, where run 1 to run 3 indicate the
number of test runs performed using this sample
Between each run, the entire module (with samples inside) was washed few times
with fresh water and then air blown through the nozzles, to remove remaining water.
Furthermore, the module was dried in a hot air oven at 100◦ C for about an hour.
The degradation curves and the photodegradation efficiencies (after 180 minutes)
obtained for varying samples and also the test runs performed with ZnO nanorod films, on
module 2 are represented in Figures 6.4a and 6.4b, respectively.
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Figure 6.4: (a) Ct/C0 vs. degradation time for with and without TiO2 coating, with ZnO
nanorod films for few runs, tested using RhB concentration of 1.25 µM.
First of all, the degradation performance of the runs with and without TiO2 coating
in module 1 are not comparable to that of module 2, due to the fact that the photocatalyst
to pollutant ratio and the area of light exposure with respect to the amount of RhB solution
used were different. However, as noticed for a module 1, here as well the setup without
coating exhibited degradation but at a mild level (significant degradation was seen in mod-
ule 1). Degradation test with TiO2 coated steel plate was capable of reaching ' 40% of
degradation efficiency, at the end of 180 minutes. The use of ZnO nanorod films showed
a mild improvement compared to TiO2 coated plates reaching up to 55% of efficiency in
the first run (Figures 6.4a and 6.4b). It is important to mention here that the mass of the
active material in case of ZnO nanorod films was 3.5 times higher than the one of TiO2. This
would mean that the RhB degradation performance using ZnO and TiO2 films was more
or less same. Moreover, the successive runs 2 and 3 using ZNR films showed reduction in
performance, by reaching an efficiency of 35% and 24%, respectively.
The important take away information from the tests with ZnO nanorods in module
2 are:
I ZnO nanorods were capable of showing a comparable performance in relation that of
TiO2, which might be due to the increased surface area with the use of one dimensional
nanostructures.
I in the first run, the efficiency attained matches that of the efficiency observed for ZnO
nanorods in lab scale experiments, indicating that the performance is maintained when
upscaling.
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I significant reduction in performance during the successive runs might be due to the
photocorossion which is typical for ZnO as a bare or scaffold material.
In addition, the heat was noticed to be building up in the metallic structure to
which the UV LED light was fixed to but was not spreading to the module itself, probably
because they are fixed separately. However, in order to understand the role of temperature
in the degradation performance, further studies should be done.
6.6. Conclusion
The lab scale protocol for the degradation of the pollutant RhodamineB was tested
at pilot scale for the commercialized product (UVSynergy 10) of Aquatic Science. Imple-
mentation of the protocol revealed that presence of photocatalyst was evidently enhancing
the degradation process but suffers from system heating up. The test using varying concen-
tration of RhB showed that, at lower concentration the charge kinetics was fastest and for
medium concentration, the best performance was obtained. The performance was limited
by the heating up of the system and saturation was observed after 60 minutes, or even earlier
for lower dye concentration.
Concurrently, module 2 setup was used to compare the performance of the stan-
dard TiO2 and ZnO nanorod films. As opposed to the performance in the absence of pho-
tocatalyst, both TiO2 (40%) and ZnO (55%) showed an improved degradation performance.
Moreover, ZnO was noticed to have reduction in the performance on successive runs, in-
dicating the probability of photocorossion. This might be avoided with the use of het-
erostructured photocatalysts. As an important factor, in terms of lab scale to pilot scale
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activities under visible light,” RSC Adv., vol. 6, pp. 96 778–96 784, 2016.
[148] M. T. Qamar, M. Aslam, I. M. Ismail, N. Salah, and A. Hameed, “Synthesis, characterization, and sunlight
mediated photocatalytic activity of CuO coated ZnO for the removal of nitrophenols,” ACS Applied
Materials and Interfaces, vol. 7, no. 8757-8769, 2015.
[149] U. Diebold, S.-C. Li, and M. Schmid, “Oxide Surface Science,” Annual Review of Physical Chemistry,
vol. 61, no. 1, pp. 129–148, 2010. [Online]. Available: http://www.annualreviews.org/doi/10.1146/
annurev.physchem.012809.103254
[150] L. J. Brillson and Y. Lu, “ZnO Schottky barriers and Ohmic contacts,” Journal of Applied Physics, vol. 109,
pp. 121 301–121 333, 2011.
[151] J. Rodrigues, T. Holz, R. F. Allah, D. Gonzalez, T. Ben, M. R. Correia, T. Monteiro, and F. M. Costa, “Effect
of N<inf>2</inf> and H<inf>2</inf> plasma treatments on band edge emission of ZnO microrods,”
Scientific Reports, vol. 5, pp. 1–9, 2015. [Online]. Available: http://dx.doi.org/10.1038/srep10783
[152] C. Wöll, “The chemistry and physics of zinc oxide surfaces,” Progress in Surface Science, vol. 82, pp.
55–120, 2007.
[153] Y. Tu, S. Chen, X. Li, J. Gorbaciova, W. P. Gillin, S. Krause, and J. Briscoe, “Control of oxygen vacancies
in ZnO nanorods by annealing and their influence on ZnO/PEDOT:PSS diode behaviour,” Journal of
Materials Chemistry C, vol. 6, no. 7, pp. 1815–1821, 2018.
[154] T. Cossuet, F. Donatini, A. M. Lord, E. Appert, J. Pernot, and V. Consonni, “Polarity-Dependent High
Electrical Conductivity of ZnO Nanorods and Its Relation to Hydrogen,” Journal of Physical Chemistry C,
vol. 122, no. 39, pp. 22 767–22 775, 2018.
[155] D. B.-B. Charlotte Drouilly, Jean-Marc Krafft, FreÌĄdeÌĄric Averseng, Sandra Casale, CeÌĄline Chizallet,
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Heterogeneous photocatalysis is an environmentally benign and low cost process
occurring at normal pressure and temperature which has the ability to tackle some of the 21st
century environment problems including CO2 reduction, pollutant degradation in water
and formation of alternative energy sources. In this context, the aim of this project was to
develop, characterize and test the photodegradation performance of novel, one dimensional
ZnO based heterostructured films.
Previous literature reports indicated that n-type ZnO films should either be cou-
pled to a p-type semiconductor to form a staggered type heterostructures or to a metal to
form a Schottky type junction in order to have effective charge transfer and consumption.
Based on this NiO and RuO2 were selected, owing to the favourable band energy alignment
and examined for their interfacial properties, thereby exploring their potential to act as co-
catalysts.
The literature data on ZnO based thin films (more specifically on ZnO nanorod
films) coupled to metals or other semiconducting metal oxides (the NiO/ZnO heterostruc-
tures was never reported) indicated that:
• the NiO/ZnO heterostructures as we fabricated them (hydrothermal growth of the
ZnO nanorods followed by NiO deposition by sputtering) were never reported for the
photocatalytic degradation of pollutants in water.
• in most cases, an improvement in performance is realized after longer exposure times
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than the ones used in our study.
• record pollutant degradation efficiencies of 99% are attained only when ZnO is cou-
pled to a metal.
• the enhanced efficiency is attributed to efficient charge transfer without studying the
interface properties.
Literature review highlighted that there are no comprehensive systematic studies
correlating the internal parameters (band bending, Fermi level, defect type and level) with
the external parameters (scaffold surface chemistry and morphology, second material mor-
phology and structure) and further on with the photocatalytic response in case of thin film
heterostructures and more particularly for NiO/ZnO thin films.
1. The step-by-step XPS interface studies performed on both NiO/ZnO and RuO2/ZnO
thin films based on both pristine and cleaned ZNR scaffold allowed us to conclude
that both NiO and RuO2 can lead to a well-developed band bending when combined
with ZnO and are a good choice as co-catalysts.
2. Optimum surface cleaning was obtained at high vacuum (0.5 Pa) at 400 ◦C since des-
orption of adsorbents and oxygen was enabled.
I surface cleaning led to a change in the doping level of the ZnO surface changing
from excess electron accumulation to electron depletion.
I also, this preliminary study showed that the band bending can be maximized by
cleaning the scaffold.
I adsorbed hydroxyl and C removal was confirmed by XPS, whereas the change
in doping level was highlighted by photoluminescence, valence band maximum
position shift (XPS) and electrochemical (Mott-Schottky) analysis.
3. The NiO deposition conditions (temperature, oxygen partial pressure and deposition
time) were optimized to be: deposition at high temperature (400 ◦C), PO2 = 6% and 20
s deposition time, ZNR scaffold cleaning (as mentioned at point 2) prior to deposition.
I even if a lower band bending and near band edge emission (compared to het-
erostructures involving other parameters) are attained, these optimized condi-
tions allowed to attain the highest dye degradation efficiency (85%) ever reported
for NiO/ZnO(1D nanostructured) heterostructures.
I shorter NiO deposition times (thinner layer) are preferred to ensure shorter charge
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diffusion paths and to maintain an optimum band bending and not compromise
the photoactivity of ZnO scaffold.
I using higher oxygen partial pressure during the deposition has enhanced the
growth rate leading to larger NiO particles (TEM), higher interface fluctuations
and charge recombination (PL).
4. The heterostructures with cleaned ZNR and optimized NiO show a modest improve-
ment in Rhodamine B photodegradation. Though a good band bending was achieved
(TEM showed that the ZnO rods were conformally coated with nanometer scale NiO
particles) and interface fluctuations were limited (near band edge emission peak nar-
rowing, PL), recombination through the NiO layer (equal contribution from shallow
and deep level defect was shown by PL analysis) due to the thin space charge layer
reduced the performance of these materials.
5. In this thesis, for the first time in this thesis in-situ water exposure studies were car-
ried out under UHV conditions on the bare ZnO (nanorods and planar layer) and its
heterostructures with NiO to understand how water dissociation is influenced by the
presence of adsorbates, also how it impacts the interfacial properties and consequently
the photo degradation performance.
6. The studies showed that scaffold cleaning leads to improved water dissociation and
thus enhanced photodegradation efficiency due to surface passivation with chemisorbed
oxygen.
7. Water exposure reduces the band bending of single cleaned scaffold and its heterostruc-
tures, i.e the band bending was flattened or even reversed (accumulation layer).
8. The heterostructures that showed near flat-band conditions, exhibited poor water dis-
sociation capabilities and this was correlated to their lower photodegradation effi-
ciency.
9. The NiO/ZnO heterostructures optimized at point 3 maintained a suitable band bend-
ing allowing effective water dissociation, spontaneous charge transfer and thus, im-
proved photodegradation efficiency.
10. The complex correlation of XPS, PL and photodegradation performance is one of the
original points of this thesis and allowed concluding that in order to maximize the
efficiency of our system, charge separation should be effective (attaining band bend-
ing), the deep level charge recombination should be reduced (minimized deep level
emission) and non-radiative recombination as well (leading to increased near band
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edge emission), the doping level of the scaffold should be optimum.
11. Testing at industrial pilot scale was realized at Aquatic Science and performances
comparable to the one obtained in the lab scale test were attained. Even more those test
revealed an improvement of photocatalytic performance when using the ZnO nanorod
film instead of a TiO2 reference layer.
The samples showing champion efficiencies are summarized in the table below:
Table 7.1: List of samples that showed better photocatalytic response, along with their
preparation, electrical/optical property and water dissociation details; Details of as-is ZNR
(Z1) is shown, for comparison purposes and 0.50 eV was added to the Vbb values of Z2
(surface cleaned) and its heterostructures, with respect to the shift of Zn2p line (from XPS)
for Z2 scaffold in relation to the reference material, Z1 scaffold.












Z1 Seed layer + Hydrothermal
growth + calcination at
500◦C
- - 0.16 54
Z2 surface cleaning of Z1 at
400◦C in presence of oxygen
- 0.50 0.51 67
Z2NRT NiO deposited using PO2 =
6% , deposition time = 20 s
at RT, on Z2 scaffold
'3.5 1.17 0.48 74
Z2NHT NiO deposited using PO2 =
6% , deposition time = 20 s,
at HT, on Z2 scaffold
'3 1.14 - 85
The overall studies performed during this doctoral work has evidenced that enhancement
could be attained by playing around with the parameters that will give better control over
band bending (optimizing the layer thickness of second material) and deep level defects
(adjusting the oxygen partial pressure during the deposition) that will enable the attainment
of better charge separation as well as charge kinetics in the system.
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7.2. Outlook
Studies performed in this doctoral work have shown few areas of exploration that
could be taken further and are listed below:
1. Given that the system ZnO 1D (hydrothermal growth)/NiO (sputtering) was first
studied in this thesis, with the NiO layer conformally covering the ZnO rods, other
heterostructures configurations that would allow spatial separation of the two mate-
rials forming the junction (ex: side-wise deposition of contact material on the ZnO
nanorods, varying the thickness of the ZnO rods) should be explored.
2. The optimization of the NiO deposition conditions has not been exhaustive, and in
particular the influence of the oxygen partial pressure on the growth rate and doping
level and its influence on the interface properties should be further studied.
3. Photoluminescence analysis has shown that recombination through the NiO layer oc-
curs and we believe that this might be due to the thin space charge layer owing to the
high doping level of ZnO. In future the influence of ZnO doping level on the space
charge layer width should be carried on.
4. The Rhodamine B (cationic dye) degradation tests were carried at pH = 8 in order to
encourage the dye adsorption on the surface of the photocatalysts (at a pH > point of
zero charge the heterostructures surface is charged negatively). However within the
limit of stability of the two materials, higher pH values (8.5, 9 and 9.5) should also be
tested to maximize the efficiency.
5. The ability of the heterostructures (prepared during this work) to degrade other type of
dye pollutants and pharmaceuticals and personal care products (PPCPs), would also
be interesting.
6. Interface studies on the RuO2/ZnO (n+ and n- doped) were for the first time in this
work and proved that a band bending is attained when coupling these two materials
and constitutes the base for further development and optimization of this system for
photocatalytic photodegradation.
7. The in-situ water adsorption studies have revealed for the first time the correlation
of the water dissociation capability and band bending rearrangement with the pho-
todegradation performance and proven the importance of carrying such studies on
any system functioning in water media. Hence, the NiO/ZnO heterostructures pre-
pared at varying temperature conditions or RuO2/ZnO heterostructures or any other
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heterostructures that are interesting for aqueous media involving applications would
be of interest to explore further in detail.
8. Furthermore, the synthesis of such heterostructures by using a large scale deposition
method (spray, sputtering) and their reusability (reconditioning) should be envisaged,





8.1.1. X-Ray Diffractometer (XRD)
X-Ray Diffractometer is one of the primary non-destructive techniques used to
characterize a wide range of materials including powder samples (minerals, metals, semi-
conductors), polymers, thin films etc. It provides an unique XRD pattern that gives infor-
mation about the crystalline phase, purity of the samples, the degree of crystallinity, stress
and strain (to identify the possible amount of deviation from pure samples’ structure in case
of doped/sensitized samples), crystallite size and lattice parameters.
XRD diffraction follows the principle of Bragg’s law, which relates the wavelength,
the angle of diffraction and the interplanar distance. The working is as follows: when the
X-ray source with a wavelength λ interacts with the sample, it will produce a constructive
interference when the Bragg’s law is satisfied (Equation 8.1).
n λ = 2 d sin θ (8.1)
where, d = lattice spacing in the crystal and θ = angle of incidence.
In general there are components like Kα1,Kα2,Kβ , but the commonly used radia-
tion is CuKα radiation (λ=1.5418A◦̄) and the angle of rotation can vary between 20◦ - 80◦
and sometimes 2◦ - 20◦ (based on the sample requirements). The occurrence of constructive
interference and peak intensity will be produced as a signal, which is then processed and
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converted into a pattern of 2θ Vs Counts.
In our study, the X-ray diffraction (XRD) measurement was carried out for ZNR
film using Bruker, D8 Diffractometer equipped with a Cu kα radiation source in the grazing
incidence mode (incidence angle 1 ◦ ) in the 2Θ = 20 - 70 ◦ range in a 2◦ min-1 scan rate.
Thin film samples of 2× 2 cm2 were loaded onto a customized sample holder for measuring
XRD.
8.1.2. Scanning Electron Microscopy (SEM)
Scanning Electron Microscope is a powerful, efficient and non-destructive method
which enables imaging of the samples with a resolution down to nanometer scale. It is
capable of producing images by scanning the surface of the sample with focussed beam of
high energy electrons. It is used to:
1. determine sample morphology and structure by scanning the surface or cross section
of the sample
2. analyse the chemical composition of the sample (using EDS-Energy Dispersive X-Ray
Spectroscopy)
3. determine the crystal structure and preferential orientation (using EBSD-Electron Back
Scatter Diffraction)
Principle
In principle, a high energy electron beam is generated and focussed onto the speci-
men which penetrates upto 1 µm depending on the used acceleration voltage, working dis-
tance and spot size. On interaction, a variety of particles or waves or signals like secondary
electrons, backscattered electrons, Auger electrons, X-rays and Photons are produced (Fig-
ure 8.1). Among them, the secondary and backscattered electrons are used for imaging the
sample while other particles are generally used for Energy-Dispersive X- ray Spectroscopy
(EDX). The secondary electrons that occur due to inelastic scattering are produced from the
surface of the sample and the backscattered electrons which are the result of elastic scattering
are produced by deeper interaction. Finally, the images are produced by the electron beam
which performs a raster scan over the surface of the sample.
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Figure 8.1: Electron-matter interaction volume and the different types of signals which are
generated. [30]
Among its advantages we can enunciate:
i) the variety of information like imaging, chemical composition analysis and crystal
structure determination.
ii) powerful, non-destructive and efficient technique.
iii) easy to operate.
iv) minimal sample preparation.
v) can be used for conductive as well as non-conductive samples.
In our study, SEM images of ZNR samples were acquired using a FEG-SEM (XL 30, FEI)
operated at 15kV, using a spot size of 4 and at a stage to sample distance of 10 mm. All the
samples were gold sputtered, to avoid sample charging.
8.1.3. Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) is also a powerful microscopic technique
that can be utilized to obtain high (atomic) resolution images of materials (chemical or
biological).
TEM transmits a focused, high-energy electron beam through the sample (grid).
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The electrons interact with the nuclei of atoms in the sample and scatters off which are
then projected onto a fluorescent screen. This process allows the collection of atomic scale
images. In addition, the orientation of crystallographic planes can be analyzed with the
help of a selected area electron diffraction (SAED) pattern that can be obtained from single
nanostructures. The combination of the information gained from atomic scale imaging and
diffraction patterns will lead to identification of the surface crystallographic planes of a
material.
Similar to SEM, here as well, the elemental composition of a sample can be ob-
tained through EDX. This technique involves ionization of the sample from the X-rays of the
microscope and the ionization events are then analyzed with a solid-state energy dispersive
detector. Each element provides a unique pattern of X-ray lines from the K, L, and M shells
allowing straightforward analysis. This technique is also used for constructing elemental
maps to characterize the microstructural composition and elemental distribution (very use-
ful when multiple components are involved on the nanometer scale).
In this study, TEM images were obtained by employing a TECNAI G2 TWIN (FEI)
operating at 200kV.
Sample Preparation
The photocatalysts were scratched from the FTO substrates and then dispersed
in ethanol (99.8%, Sigma-Aldrich Co.) using an ultrasonic bath and few droplets of the
suspension were placed (drop by drop, allowing the time to dry) on the carbon (C) grid.
8.1.4. Ultra Violet-Visible Spectrophotometer (UV-VIS)
There are several spectroscopy techniques that makes use of the Ultra Violet and
Visible light ranges and Ultra Violet Visible Spectroscopy is one among them, used for the
determination of concentrations and analyses of the dissolved substances. It is well known
that UV and visible region correspond to 190 - 400 nm and 400 - 800 nm of the light spectrum.
UV-VIS can be used to measure the absorbance of UV or visible light by a sample, which
could be done at a (desired) single wavelength or performing a scan over a range of the
available spectrum.
Principle and Working
UV spectroscopy is capable of measuring the ratio of the transmitted light with
respect to the incident light in the wavelength of UV-VIS range. The light source is typically
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based on deuterium and tungsten lamps which will provide the UV-VIS irradiation that
covers the range of 200 - 800 nm. Generally, light absorption leads to the excitation of
electrons from lower to higher energy levels (i.e, ground to excited state). As the energy
levels are quantized, only photons that possess required energy and can cause transitions
from one level to another, will be absorbed. The amount of light absorbed could be related to
the concentration of the substance, the liquid layer thickness, and the absorption co-efficient
at a particular wavelength, as described by the Beer-Lambert law (equation 8.2).
A = ε c l (8.2)
where, A = Absorbance, ε = absorption co-efficient (constant for each material), c = solution
concentration and optical path length (1 cm).
This law is obeyed when the absorbance varies linearly with the concentration.
A calibration curve (Figure 8.1.2b in Appendix), is used to determine the concentration of
unknown samples subjected to pollutant degradation experiment.
The higher the optical density of the sample, the higher will be the absorption and
hence, the optical density is usually followed to be as pathlength of 1 cm. The liquid sample
is usually kept in an optically flat, transparent container (made of regular glass or quartz),
called a cell or cuvette. Two cells will be utilized, one for the reference solution (typically
distilled water, called as blank) and the other for sample to be studied.
The outcome photons from light source will be splitted by the diffraction grating,
providing two equal beams, one passing through the reference or standard (called as refer-
ence beam) and the other through the sample (called as sample beam). The intensities from
both the beams are measured by the detectors, denoted as I0 and IT, respectively and this





where, A = Absorbance, I0 = light intensity from reference cell and IT = light intensity from
sample cell.
In this dissertation, the Shimadzu UV3600 Plus spectrophotometer was utilized for
investigating the RhodamineB concentration before and after photodegradation by measur-
ing the absorption spectrum.
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8.1.4.1. Degradation experiment using RhodmaineB
All degradation experiments were carried out with 20 mL (1.3 10-6 M, i.e 13 µg)
of Rhodamine B - RhB (Sigma Aldrich, ≥95%). The prepared substrates were cut into 1cm
× 1cm that supported around 0.13 mg of ZnO and used in the degradation studies. The
ratio between photocatalyst and pollutant used here is 10:1, where the ratio usually used for
powder photocatalysts is 50:1. Initially, the film was kept under dark for 20 min, with mild
stirring, in order to ensure adsorption of pollutants on the surface. It was then exposed to
the light source for 180 min. Then, 1 mL of aliquot sample was taken at time 0 and then
every 20 min and analyzed by UV-Visible spectrophotometry. This enabled monitoring the
pollutant degradation over time and comparing the degradation capabilities of each sample.
Degradation study experiments were performed under a 5 mW/cm2 UV light source
(maximum wavelength 365 nm), with the sample placed at 18 cm distance from the UV
source. RhodamineB (RhB) was used as the model pollutant for investigation. A stock
solution of 10 mg/L was prepared and stored in dark. Solution of 1.25 mM were prepared
from the stock (pH adjusted to 8), to be used during the degradation tests with 1cm2 films .
Initially the sample was stirred in dark for 20 min to achieve equilibrium and then exposed
to UV light for 3 hours. Absorption spectra of RhB were registered every 20 min.
Furthermore, the unknown concentration of a solution could be identified with the
help of a systematic calibration experiment. For this, the RhB solution of known concentra-
tions (from higher to lower) were prepared and their absorbance curves (Figure 8.2a) were
measured using UV-Vis spectrophotometer. These absorbance values were plotted against
the concentration values from solution preparation, to obtain the calibration curve, shown
in Figure 8.2b. And this calibration curve was used to identify the concentration of the
solution at each step of the degradation experiments that was carried out in presence of the
photocatalyst and light irradiation. Moreover, in order to make sure that degradation of RhB
does not occur in the absence of photocatalyst material, RhB solution was exposed to light
source without the photocatalyst and the absorbance were measured before and after the
light exposure and shown in Figure 8.2c (concentration of RhB solution and exposure time
employed here was same as those used in degradation experiments with photocatalyst).
This confirmed that no degradation was taking place in the absence of a photocatalyst.
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Figure 8.2: (a) Absorbance curves from higher to lower concentration of RhodamineB
aqueous solution and (b) Calibration curve representing concentration vs. absorbance and
(c) UV-Vis spectra of RhB before and after exposure to light irradiation for 180 min, without
the presence of photocatalyst.
8.1.5. Photo-electrochemical measurements
The photo electro chemical measurements for all the samples were carried out in
the order: Electrochemical impedance (EiS,at 0 bias), Mott-Schottky (MS) and I - V measure-
ments. This order was followed, in order to avoid changing the nature of the sample, before
the MS analysis. This was confirmed by checking that the open circuit potential did not
change after the charge transfer resistance measurements by EiS.
In this thesis, Linear sweep voltammetry (LSV) and Electro chemical Impedance
Spectroscopy (EIS) were carried out in dark and light conditions, whereas the Mott-Schottky
(MS) analysis was done (only for scaffold films) in dark.
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Working electrode preparation
In case of both scaffold and heterostructured photocatalysts, samples of 1 × 1 cm2
dimensions were used as the working electrodes. The corner of the sample was carefully
rubbed with the scratch paper to have access to the FTO.
Photo electro chemical system works with a potentiostat and a 3-electrode setup
(using a home-made cappucino cell, as shown in Figure 8.3) that consists of a counter
electrode (typically a Platinum wire), reference electrode (in our case, Ag/AgCl, whose
electrode potential [E◦] against standard hydrogen electrode [SHE] is, 0.204 V) and working
electrode (sample to be studied). These electrodes are immersed into the suitable electrolyte,
which can provide constant ionic strength, little or no concentration gradient near the elec-
trode and a stable pH, thereby facilitating the electrochemical process at the surface of work-
ing electrode in the presence of an applied potential that is delivered by the potentiostat.
Figure 8.3: Schematic illustration of the cappuccino cell. [31]
In general, photoelectrochemical measurements could be used to identify the per-
formance of a material in the water splitting reactions and their charge transfer charac-
teristics. Photocatalytic water splitting involves water oxidation and reduction reactions
and these processes require a thermodynamic potential difference of 1.23 V vs. SHE or
RHE [reversible hydrogen electrode]. However, a semiconductor with a bandgap of > 1.8
- 2.2 V is usually considered suitable for water splitting, in order to compensate the losses
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incurred by recombination and/or kinetics. The water oxidation/reduction reaction and the
corresponding thermodynamic potential difference are:
4 H2O + 4 e - → 2 H2 + 4 OH - (HER ) E◦ = 0.0V vs RHE (8.4)
4 OH - + 4 e - → O 2 + 4 e - + 4 H2O (OER ) E◦ = 1.23V vs RHE (8.5)
where, HER is hydrogen evolution reaction and OER is oxygen evolution reaction.
The evolution of these reactions could be observed in the current (I) - voltage (V)
characteristics, as shown in Figure 8.4. Therefore, the performance of a photoelectrode
could be investigated by sweeping the potential in a desired window, which will display
the amount of photocurrent that could be attained by the material.
Figure 8.4: Overlaid I - V curves of a p-type photocathode and an n-type photoanode
representing the HER and OER through photo driven water splitting. [32]
The procedure to obtain such a graph is called Linear sweep voltammetry (LSV),
where the voltage is swept linearly, with a fixed scan rate, in a given potential range and
the resulting current (I) will be monitored. This experiment will cause the occurrence of
electrochemical oxidation and reduction of the species at the electrode surface, which is
being induced by the change in concentration of electroactive species (based on the applied
potential). Therefore, in presence of light irradiation, the photocurrent will be produced and
current - voltage (I - V) curves are obtained, from which one can obtain the following three
information:
1. the onset potential - the potential at which the photocurrent is 0 mA
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2. the photocurrent at water splitting voltage (1.23 V vs. SHE and 1.026 V vs. Ag/AgCl)
- This will display the amount of photocurrent that could be attained above the corre-
sponding thermodynamic potential difference or at that water splitting voltage
3. the maximum photocurrent - implies the maximum value attained in the scanned
potential range
The voltage at which maximum photocurrent is obtained (could be determined by drawing
a linear line from the maximum photocurrent value to the x - axis, the potential applied)
reveals the amount of overpotential that will be required to achieve higher photocurrent
efficiency.
EIS measurements:
Impedance spectroscopy helps in studying the charge transfer (or electrical) re-
sistance characteristics of a system, where the surface phenomena and changes in bulk
properties occur. Impedance (Z) is usually measured by perturbing the system under a small
time varying potential ('20 mV) which can be described by the wave form, x = x0 sin(ωt),
where x0 is the amplitude and ω is the radial frequency (ω = 2Πν). In a linear system, the
resulting output signal [based on the function, y = y0 sin(ω +ϕ)t, where ϕ is phase angle]
is dephased and thus has a different amplitude. This impedance (Z) can be represented as
either Bode plot [log |Z|vs.ϕ] or Nyquist plot [Zim vs. Zr, where ’im’ is imaginary and ’r’ is
real].
In case of the Nyquist plot, | Z | is usually represented as a vector and, the angle
between the vector and the x-axis of the plot is generally called as the phase angle ϕ . An
example Nyquist plot showing these parameters is illustrated in Figure 8.5.
Figure 8.5: Nyquist plot with impedance vector. [33]
221 of 232
8 | CHAPTER 8. APPENDIX
The conductive behaviour [resistive/capacitive] of the system, at a particular fre-
quency range, will influence the Zr, Zim and ϕ . For example, when a material is exhibiting
ideal resistive behaviour, there will be no imaginary contribution with a phase angle of 0◦;
whereas, an ideal capacitive behaviour will induce the lack of contribution from the real part
with ϕ of - 90◦.
Therefore, the electrochemical behaviour of a system that is observed through the
impedance spectrum could be translated into an equivalent circuit with the help of single or
multiple sub - circuit elements like resistor (R), capacitor (C) and inductor (I), as illustrated
in Figure 8.6.
Figure 8.6: Nyquist plots for (a) an ideal capacitor, (b) an ideal capacitor in series with a
resistor, (c) a capacitor in parallel with a resistor, and (d) a resistor in series with a parallel
RC-circuit. [34]
Based on all the above discussed parameters, the circuit used to fit the photoelec-
trochemical impedance measurements for the samples studied in Section 3.1 was observed
to be consisting of either 5 or 6 elements, as illustrated in Figure 8.7.
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(a)
(b)
Figure 8.7: The illustration of the EIS spectra fit in the absence (a) and in the presence
of diffusion (b). The first semicircle in the high frequency range corresponds to the
FTO/ZnO/NiO interface (RCT1 and Q1), whereas the second semicircle is attributed to the
charge transfer resistance at the film/electrolyte interface (RCT2 and Q2) and RS stands for
the contacts and electrolyte resistance.
In principle, MS analysis is performed by analysing the system responsive to the
sinusoidal signal for each frequency in a given range, as function of the applied bias. The
range of the applied bias is chosen as to comprise the open circuit potential and in order to
make evident the accumulation or depletion regimes. An example of plots displaying the
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Figure 8.8: Mott-Schottky plots showing the typical curve for accumlation and depletion
regimes, in bare (a) ZnO and (b) NiO films, respectively. The linear slope intersecting the
x-axis represent the flatband potential (EFB) value for the respective material.
When a photocatalyst film is immersed into the electrolyte, migration of charge
carriers occur until the equilibration of the Fermi levels are attained. As a consequence, the
space charge layer will be formed at both the ends, i.e, at semiconductor surface (negative,
forming depletion layer) and in the electrolyte (positive, called as Helmholtz layer) with the
development of band bending at the interface. This charge separation could be observed by
measuring the total capacitance (C) (in the suitable frequency range), which comprises the
the semiconductor space charge layer (CSC) and the Helmholtz layer in electrolyte (CH), as










However, the chosen electrolyte needs to be prepared at sufficient concentration
asto provide constant ionic strength, such that no concentration gradient occurs next to the
sample and pH is stable. Under this condition, the contribution of the Helmholtz layer
becomes negligible because its thickness is lower than that of the space charge layer [288].
Hence, the overall measured capacitance will be dominated by the space charge capac-














Where, CSC - is the capacitance of the space-charge region of the film at potential E, EFB is
the flatband potential, ND is the free carrier concentration of the semiconductor, and A is
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the area (∼ 0.8 cm2); e is the charge of the electron, ε0 is the permittivity of free space, εr
is the relative dielectric constant of ZnO nanorod (2.7 [291], as per diameter of the nanorod
which is around 80 nm in our nanorods), k is the Boltzmann constant, and T is the absolute
temperature.
Further on, the slope of the linear part could be used to determine the charge carrier





The intersection of the linear part with the x-axis (extrapolating the graph with C2
= 0), gives the flatband potential (EFB) [140].
Photoelectrochemical (PEC) properties of each film in Chapter 3.1 was studied us-
ing the CHI electrochemical workstation, by employing a three-electrode cell (home-made)
with quartz glass window for assisting the illumination on photocatalyst surface (1×1 cm2).
The illumination was done with a Xenon lamp (Arc Lamp Source, 450 W Xe Ozone Free,
F/1 from Newport), coupled with KG3 filter (Edmund optics), illuminated at the inten-
sity 1 sun. The 3-electrode cell comprised Platinum (Pt) wire and Ag/AgCl electrode as
counter and reference electrode respectively, while the surfaces of scaffold and heterostr-
cutured were playing the role of working electrode. All the measurements were done with
0.5M Na2SO4.10H2O aqueous solution (' pH-6.6) as electrolyte. Linear Sweep Voltammetry
(LSV) was carried out in the 0.3 - 1.7 V potential window for scaffold and 0 - 1.6 V for het-
erostructures under both dark and light conditions, at 20 mV/Sec scan rate. Mott-Schottky
(MS) was performed in the -0.8 to 0.5 V potential range and in the 100 mHz - 200 KHz fre-
quency range (comprising 52 steps), whereas the photoelectrochemical impedance studies
(PEIS) were done in the 800kHz - 200mHz frequency range. For LSV, the potential was
applied versus reference, whereas for PEIS and MS curves, the potential was applied with
respect to open circuit potential, using a ± 15 mV amplitude signal and all the experiments
were carried out at room temperature conditions.
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8.2. Chapter 3 - supplementary information
8.2.1. TEM images - as function of NiO deposition temperature
(a) (b)
(c)
Figure 8.9: TEM images showing the lattice fringes corresponding to NiO (111) plane for (a)
Z1NRT, (b) Z1NPA and (c) Z1NHT.
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8.3. Chapter 5 - supplementary information
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Figure 8.10: Survey spectra for all scaffold (a) and heterostructure (b) films, discussed in
Chapter 5.
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Figure 8.11: Individual spectra of Zn, Ni and O, for Z2N2 (a-c, respectively) and Z3N4 (d-f,
respectively). Before Water Exposure (BWE), After NiO Deposition (AND) and After Water
Exposure (AWE).
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Figure 8.12: Deconvoluted O1s Spectra of Z2N2 and Z3N4, for before(a and d) and after
Water Exposure (c and f), after NiO deposition conditions (b and e), respectively.
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Figure 8.13: Spectra of VBMx for Z1N1 (a), Z2N1 (b), Z2N2 (c), Z3N3 (d) and Z3N4 (e)
respectively. Before Water Exposure (BWE), After NiO Deposition (AND) and After Water
Exposure (AWE).
230 of 232














































































































 Oi & Ov
(c)
Figure 8.14: Deconvolution of scaffold films for photoluminescence (a)Z1, (b)Z2 and (c)Z3.
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8.3.3. Band alignment
(a) (b)
VBB at after NiO deposition step Changed VBB at after water exposure step
Figure 8.15: Band Alignment after NiO deposition, before and after water exposure;
(a) Z2N2 (accumulation of electrons) (b) Z3N4 (partial band flattening). Description
in parantheses represent the resultant band bending at NiO/ZnO interface, after water
exposure. Vbb values shown in figures correspond to the red dotted line, that represent
the remaining band bending, after water exposure.
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